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1 Introduction 
 
During the last decades the reliable detection and monitoring of gaseous components 
has become indispensable in daily routine as a result of ever enhancing economical, 
ecological and legal requirements. Due to this constantly increasing standard of living 
the world sensor technology market is expanding in the private and industrial sector to 
cope with the demands for highly sensitivity and selectivity gas sensors. [1] New 
practical applications and innovative markets have been developed for simple, robust 
and portable gas sensors as a consequence of mass production and microelectronic 
miniaturization, since traditional analytical techniques suffer from their comparatively 
bigger physical size and higher operational costs. Beside a broad multiplicity of 
physical/chemical measuring principles the class of chemiresistors (chemiresistive 
sensors) represent the most studied and applied system. 
In chemiresistors [2-4] the sensing layer typically consists of polycrystalline nanoparticles 
of chemically and thermally stable metal oxides, which change their resistance in the 
presence of target analyte. The direction and the amount of change each depending on 
the oxidizing/reducing character of analyte are directly processed as analytic signal. 
This common working principle [3,5,6] is based on the first n-type semiconductors and its 
most prominent representatives SnO2 and In2O3, [2,7] which have been intensively 
studied in respect of the underlying gas sensor mechanism. Right from the outset the 
mechanistic models were scientifically deduced from the more advanced knowledge 
about heterogeneous catalysts, since similar but complex multicomponent systems of 
mixed metal oxides (MMO) are applied by the oxidation catalysis as well. In both fields 
the solid phases are featuring specific intrinsic material properties, as e.g. electrical 
properties, which are fundamental for as selective as possible reactions with the 
gaseous analytes/reactants and in turn are affected themselves by the chemisorbed 
species. Despite the large overlap a good catalytic material is not necessarily a good 
sensor material at the same time. [6] 
Even from ancient times heterogeneous catalysts [8-11] have played a key role in order to 
decrease the activation energy via an alternative reaction pathway and, thus, to 
accelerate the formation of desired product. Due to their huge lever effect very reactive - 
but highly selective - catalysts are of paramount importance in a multitude of historical 
and present large-scale processes. [9-12] With respect to the gradually growing 
economical and ecological requirements novel catalyst materials and alternative 
reaction pathways with even better catalytic performances have to considerably save 
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energy and raw materials in the future. [13,14] Thus, a series of high-throughput 
experimentation (HTE), spectroscopic analyses and model calculations was applied to 
gain knowledge about the complex interplay of solid phases and active centers of 
catalyst as well as of surface intermediates and reaction products of feed. 
Especially in case of hardly predictable material properties HTE drastically increases 
the number of investigated materials and combinatorial strategies smartly decrease the 
amount of required experiments to shorten the process of empirical optimization. [15-23] 
Hence, even wide parameter spaces can be covered and the resulting properties 
experimentially verified to gain immense progress on a short time scale. But the high 
degree of maturity achieved for commercial catalysts also hinders the continuative 
enhancement of conversion and selectivity. Caused by the complexity of interactive 
parameters the detailed functional principle of operating catalyst and sensor systems 
remains still insufficiently understood to benefit a solely rational design based on 
reaction mechanisms and structure-property relations. Consequently, in the majority of 
cases the academic research and industrial development is mainly restricted to the 
modification and optimization of conventional materials than to the discovery and 
investigation of innovative alternatives. 
In previous research [24-26] a complete workflow cycle was developed for the high-
throughput (HT) screening of potential chemiresistor materials featuring a high degree 
of automatization. [27,28] The corresponding multi -electrode substrates (MES) [29.30] 
enabled the handling of 64 sensor samples under reproducible measuring conditions in 
a single pass, while impedance spectroscopy (IS) [31-37] served as in situ 
characterisation method for the non-destructive determination of electrical properties. 
The systematic data evaluation and visualization of recorded spectra by automated 
curve fitting accelerated the quantitative characterization on the basis of reliable 
statistical data, [38] enabled the systematic identification of sensor materials with desired 
properties and finally, the revelation of structure property relations. [39-42] For the 
definitive assessment of screening results an IS working station using single electrode 
substrates (SES) [43,44] was applied to provide close-to-reality conditions and further, to 
characterize very high resistive materials. 
One principal objective of present thesis was to make a contribution to the mechanistic 
understanding of chemiresistors by the help of HT IS (HTIS) approach [38,45]. Hence, the 
thorough research on different sensor materials should lead to the buildup of material 
libraries, which allow for the backtracking of sensing behavior to selected varied 
parameters and finally, the identification of structure property relations. In case of 
Fe3-xO4 this novel sensor material should be screened toward reducing analytes due to 
the influence of mean particle size on the sensor response (SR) as previously reported 
for the common SnO2. [46,47] In case of CoTiO3 this known sensor material should be 
studied toward C2H5OH focusing on the kind of volume doping. A further generalization 
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of binding energy model or finding of descriptors for the prediction of sensing behavior 
would enable the appropriate fabrication of tailored sensor materials. 
Another principal objective of thesis was to conduct a transfer of rapid identification of 
best performing sensor material to novel material classes by using the HTIS screening 
method. Thus, other functional nanomaterials, which are established catalysts with 
distinct chemical composition as well as optimized activation and selectivity properties, 
should be examined toward their feasibility as chemiresistive thick films. In case of 
MoVTeNbOx the activation energy should be correlated with the catalytic activity in the 
partial oxidation of i-butane. In case of CeZrO2 and PrZrO2 the temperature of maximum 
SR (Tmax) toward CH4 should be correlated with the light-off temperature (LOT), which 
are assumed to coincide as reported for e.g. SnO2 activated by Pd and Pt. [48-50] The 
transformation of screening method from sensor to catalyst materials would help to 
understand the reactivity of lattice oxygen at the near surface and generate a pre-
characterize tool for oxidation catalysts. 
In view of the various scientific questions related to four groups of materials and 
applications, each research topic is attributed to a specific chapter. Additionally, for a 
comprehensive understanding the next two chapters survey the necessary basic 
knowledge and applied experimental techniques: 
   ● The chapter 2 showcases the mandatory basic knowledge about gas sensors 
and heterogeneous catalysts as well as high-throughput experimentation [27,28] 
and impedance spectroscopy. 
   ● The chapter 3 introduces the experimental methods applied for the electrical 
characterization of metal oxide materials. 
   ● The chapter 4 deals with the size dependent gas sensing properties of Fe3-xO4 
nanoparticles toward reducing analytes in oxygen free atmospheres. [51] 
   ● The chapter 5 focuses on the dynamic ethanol sensitivity of CoTiO3 depending 
on volume dopant for the monitoring of flex fuel engines and exhaust. [52] 
   ● The chapter 6 highlights the relationship between the electrical properties and 
catalytic performance of differently calcined MoVTeNbOx industrially applied in 
the partial oxidation of i-butane. 
   ● The chapter 7 describes the correlation of the electrical properties with the 
catalytic performance of different CexZr1-xO2 and PrxZr1-xO2 activated by Pd/Pt 
for the total oxidation of methane by common three way catalysts. 
   ● The chapter 8 summarizes the main findings and achievements of presented 
research and gives some prospectives for future research. 
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2 Basic Knowledge 
 
2.1 Gas Sensors* 
All existing sensor concepts are based on the transformation of chemical or physical 
interactions between the sensing material and the ambient analyte into an analytically 
manageable signal. Since a long time the traditional analytical techniques , as e.g. mass 
spectroscopy (MS), gas chromatography (GC) and optical techniques, i.e. infrared (IR) 
and ultraviolet/visible light (UV/Vis) spectroscopy, are capable of precisely and 
selectively measuring traces of single compounds in a complex gas mixture. However, 
these extractive methods suffer from their stationary operation due to their physical size 
of instrumentation and their financial cost due to manpower and logistics, even since 
modern devices are stepwise filling this gap. In contrast, solid-state gas sensors 
facilitate immediate in situ measurements at various locations and temperatures. The 
solid-state sensors apply various detecting principles in terms of e.g. calorimetric 
sensors (pellistors), electrochemical cells (as e.g. λO2-probe), field-effect transistors, 
acoustic wave devices and quartz microbalances. According to the respective type of 
measuring principle, i.e. change in capacitance, potential or conductance, the 
electrochemical sensors are commonly classified as amperometric, potentiometric or 
conductometric gas sensors. [3,53-55] 
 
2.1.1 Chemiresistors 
The most commonly applied gas sensors are conductometric or resistive sensors, so-
called chemiresistors, [2,3] which are typically based on thermal and chemical stable 
metal oxides. The gas sensitivity of metal oxides relies on their change in electrical 
resistance upon surface reactions with reactive analyte gas(es). This achievement was 
simultaneously accomplished by Brattain and Bardeen [56] for the semiconducting metal 
Ge and by Heiland [57,58] for the semiconducting ceramic ZnO. Afterward, the pioneers 
Seiyama [59,60] and Taguchi [61] developed these concepts further on toward the first 
commercial product, i.e. fire alarm sensor. Up to now the most applied materials are in 
                                            
 
 
* This subchapter is already content of Ref. 27 and 28. 
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decreasing order of their occurence and alike publications: SnO2, ZnO, TiO2, WO3, 
In2O3, Nb2O5, Ga2O3, Fe2O3, mixed metal oxides (as e.g. BaTiO3 and Ba2WO5) and 
mixtures of metal oxides (as e.g. SnO2-In2O3 and ZnO-SnO2). [2,62] But recently, ternary 
oxides were increasingly focused (cf. Chap. 5) to overcome the inherent limitations of 
binary oxides in terms of their total sensor performance, which is determined by several 
factors. 
 
2.1.2 Quality factors 
An ideal gas sensor responds precisely and immediately to the prevailing ambient 
chemical or atmospheric conditions. The four crucial quality factors, which quantify the 
sensor performance, are the sensitivity, selectivity, response time, and stability. 
The sensitivity S is commonly defined as the ratio of the change in output signal y to the 
change in measured property x, i.e. electrical resistance to analyte concentration in 
case of chemiresistors (Eq. 2.1): [63] 
d
d
= yS
x
   (2.1) 
Hence, the sensitivity describes the sensibility of a sensor material to detect a certain 
analyte concentration from an ambient atmosphere. However, the sensor response is 
more commonly given to express differently calculated ratios of analyte resistance to 
reference resistance, as e.g. absolute sensor response (ASR; cf. Eq. 4.3 and 4.4) and 
relative sensor response (RSR; cf. Eq. 4.1 and 4.2). 
The relative selectivity Q reflects the ability of a sensor to differentiate between the 
specific gas x to be detected and the other components of gaseous environment x’ and, 
thus, represents the cross-sensitivity (Eq. 2.2): 
d d '(%) 100
d d
= y xQ  
y x
   (2.2) 
The response time expresses numerically the attended response or recovery time ∆t90% 
of output signal to reach 90 percent of its saturation value after turning on or off an 
analyte gas. [63] The response time is determined by the chemical reaction kinetics 
between material surface and analyte molecules and, therefore, by diffusion processes 
and surface reactions. 
The stability means the endurance of sensor material in maintaining its output signals 
toward the detection of systematically varying analyte concentrations over a very long 
period of time. Hence, the long term stability reflects the reproducibility of a 
measurement, which is affected by the (thermal) aging of sensor layer and poisoning of 
sensor surface comparable to catalytic materials. The stability concerns both, the 
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structural and electro-physical properties of sensor material during long-term operation, 
which constitutes an often neglected demand in research, but is essential for 
commercial products. 
 
2.1.3 Working principle 
Since the first generation of chemiresistors was based on unmodified binary metal 
oxides, as e.g. SnO2, In2O3, ZnO, Fe2O3 and WO3, the present model of their working 
principle was developed from their most abundant applied examples. [2,7] Hence, among 
these n-type semiconductors, in which charge transport results from mobile electrons, 
SnO2 applied in Taguchi sensors (Figaro Engineering Inc., Osaka, Japan) [61] and In2O3 
remain as the best investigated materials. [64-66] Nowadays, also p-type semiconductors, 
as e.g. FexO, CoO, NiO, CuO, LnMO3 (Ln = lanthanide series, M = Cr and Fe) and 
CoTiO3 (cf. Chap 5), in which charge transport occurs via holes, are also increasingly 
employed. [2] 
The active element of gas sensor device basically consists of an interdigital electrode 
(IDE) structure coated with a porous sensing layer (cf. Fig. 2.12), which is composed of 
nanocrystalline particle assemblies. Microscopically, the gas sensing is restricted to the 
particle surface, which interacts with the ambient atmosphere and acts as receptor for 
the target analyte molecules (Fig. 2.1 left). Afterward, the polycrystalline sensing layer is 
electrically conducting due to sintered grain contacts and serves as transducer along 
percolation paths (Fig. 2.1 middle). Macroscopically, the IDE provides the measurable 
signal in terms of an electrical resistance, i.e. sensor response, and works as output of 
entire sensing layer (Fig. 2.1 right). [5,47] 
 
 
Figure 2.1: Schematic sensing principle of chemiresistors: receptor function of 
sensing surface (left), transducer function of nanoparticle layer 
(middle) and output function of sensor element (right; (un)coated front 
and back of sensor chip). [adapted from 5] 
 
Upon closer inspection the underlying working principle (Fig. 2.2) [3-5] reveals mainly 
physisorption via van der Waals forces and subsequent chemisorption via electron 
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transfer of ambient oxygen at the nanoparticle surface. Thereby, the specific nature of 
ionosorbed species ranging from molecular to atomic strongly depends on the prevailing 
temperature, before finally, their incorporation into the oxide lattice occurs. [7,64] During 
this exothermal oxidation process the ionosorbed ions become chemically bound with a 
relative energetic position below that of the Fermi level EF and, thus, constrain as 
electron acceptors the thereto required electrons from the conducting band EC at the 
particle surface and cause an electron-depleted region near the solid surface (Fig. 2.2 
top left). [67-70] Thereby, the surface coverage of oxygen ions, which is determined by the 
Weisz limit, and their negative potential determine the depth of the positively-charged 
space charge layer. [71,72] According to the energy-band model (Fig. 2.2 bottom left) the 
surface potential provokes a bending of valence and conducting band at the intergrain 
contacts with a barrier height of surface potential in the range of 0.5 to 1.0 eV. Thus, 
both the layer depth, i.e. Debye-length characteristic for every semiconductor and 
temperature, and the barrier height, i.e. Schottky-barrier, are directly affected by the 
amount and nature of ionosorbed oxygen. According to the thermodynamic equilibrium 
condition of ionosorbed oxygen the height of Schottky-barrier determines the electron 
flow along intergranular percolation paths. The resulting conductivity of percolation 
paths through the grain-to-grain contacts of polycrystalline nanoparticles leads to a 
specific total base resistance of entire sensor layer. [73,74] 
 
 
Figure 2.2: Schematic structural model (top) and band model (bottom) of 
intergranular percolation path: initial state upon air exposure (left) and 
final state upon CO exposure affecting potential barier eVsur and 
space-charge layer Λ. [adapted from 75,76] 
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A shift of this equilibrium state is provoked by reducing gases, as e.g. H2, H2S, CO and 
hydrocarbons (HC), via their adsorption, intermediates and consecutive reactions, which 
leads finally to a desorption of CO2 in case of CO (Fig. 2.2 top right) or a total oxidation 
to CO2 and H2O in case of HC. [77] During the desorption step of reaction products the 
previously localized electrons are released back to the bulk oxide and, hence, the 
electron density is reduced and the Schottky barrier is decreased (Fig. 2.2 bottom right). 
But on the contrary, oxidizing gases, as e.g. NO, NO2, SO2, and O3, supply additional 
surface oxygen via direct chemisorption and, thus, consume bulk electrons via 
incorporation into the oxide lattice. Altogether, the variable concentrations of reducing 
and/or oxidizing analytes determine the total resistance of sensing material, whereas 
the output occurs in opposite direction in case of p-type semiconductors. 
This idealized sensing model [78] is simplified by the presence of adsorbable oxygen in 
(synthetic) air and can be extended by taking into account the detected analyte and the 
formed intermediates. Furthermore, depending on the prevalent atmosphere every real 
system [79] suffers from the presence of water and other molecules, as e.g. hydroxyl 
groups and carbonates, which have significant impact on the surface sites and surface 
reactions. Since the reaction rates of surface chemistry are generally depending on 
temperature, the working temperature strongly influences the elementary chemical 
processes at the surface of and gas diffusion into the porous sensing layer. Thus, the 
sensitivity toward a specific analyte and the cross sensitivity toward other analytes may 
reach a maximum and minimum at different temperatures, respectively. [80,81] Besides, 
several material parameters, as e.g. particle size, microstructure and volume/surface 
doping, have profound impact on the sensing performance. 
 
2.1.4 Particle size  
Considering that the sensing mechanism is directly linked to the surface reactions at the 
interface between the near-surface metal oxide and the ambient analyte molecules, the 
sensitivity behavior is expected to significantly increase with increasing surface area 
and, consequently, decreasing particle size. Therefore, the nanoparticulate layers are 
inherently tailored for sensing applications, because of their tremendous surface-to-bulk 
ratio compared to their microparticulate counterparts. Additionally, taking into account 
that the electrical properties are directly related to the intergranular percolation paths 
consisting of depleted zones near the surface and unaffected bulks in the centre of 
particles (cf. Fig. 2.2), the response behavior should depend on the surface-to-bulk-
ratio. Hence, new approaches follow the development of hollow or hierarchical particle 
designs to eliminate the ineffective core and to improve the sensing characteristics. [82] 
However, if the particle size is reduced, the radius will approach the dimension of the 
space-charge layers, eventually leading to their overlap. The progressive shrinking of 
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the ineffective bulk also involves the Schottky-barriers at the grain boundaries. 
Accordingly, by further lowering the intergrain distance the energetic difference 
becomes smaller than the thermal energy and the heterogeneity of both regions 
vanishes. In this case the conductance G becomes proportional to the difference 
between the Fermi level EF and the lower edge of conduction band EC (Eq. 2.3) [70,76]: 
( )⎛ ⎞− −≈ ⎜ ⎟⎝ ⎠
C F
B
E E
G  exp 
k  T    (2.3) 
The special case, when the energy bands are nearly depleted of mobile charge carriers, 
is called “flat-band condition” (eVsur ≤ kB T). At this stage the bulk conductivity of 
interconnected grains becomes negligible and the conductivity of space-charge layers 
dominates the sensoric properties. [83,84] 
Based on the theoretical considerations related to the fundamental scale impact on the 
sensing performance, systematic investigations have been performed by Yamazoe and 
co-workers in the early 1990s in order to prove the theoretical model of transducer 
function up to the range of flat-band conditions. [46,47,85,86] For that purpose various 
sintered SnO2 elements have been produced, which differ in the sensor material SnO2, 
i.e. foreign-oxide-stabilized, pure and impurity-doped SnO2, and in the particle size, i.e. 
4 to 32 nm. Thereby, for nanoparticles bigger than about 20 nm an approximate 
independent linear correlation between the average particle diameter D and the sensor 
response, i.e. Rgas/Rair, toward 800 ppm each H2 and CO was determined. For smaller 
particles the sensitivity starts to rise and, then, a steep increase for crystallite sizes 
below about 10 nm was observed. This value exactly coincides with the range, in which 
the diameter becomes equal and smaller than twice the depleted zone.  
The authors explain the three different regions of grain size influence by a sensing layer 
model of partially sintered crystallites (Fig. 2.3 left). This model is based on the fact that 
the particles form smaller aggregates and that these aggregates are interconnected by 
grain boundary contacts. Thus, generally in case of large grains, i.e. D >> 2 Λ, the 
sensitivity or rather the conductivity is nearly independent of the grain size and mostly 
dominated by the bulk conductivity (Fig. 2.3 top left). In case of medium grains, i.e. 
D > 2 Λ, the sensitivity is affected by both, the grain boundaries and the grain size, 
because the depleted regions form conduction channels within every aggregate called 
constriction effect (Fig. 2.3 middle left). At last, in case of small grains, i.e. D < 2 Λ, the 
whole crystallite is depleted, the conduction channels vanish and the conductivity 
becomes grain size controlled (Fig. 2.3 bottom left). [47,87] This experimentally found 
correlation that the sensitivity behaves proportional to the surface to volume ratio, was 
later confirmed by theoretical considerations, i.e. numerical computation of effective 
carrier concentation, based on the very same experimental data, whereas the sensitivity 
can be calculated to 6/D for spherical-like nanocrystallites of SnO2. [87] 
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Beside the above described grain model, another model defines the intergranular necks 
between the polycrystalline grains as a further important parameter, which controls the 
sensor properties (Fig. 2.3 right). [47,88] According to this model the width of necks, which 
depending on the sample history starts forming between partly sintered particles at 
higher annealing temperatures, i.e. > 700 to 800 °C, [47] is responsible for the height of 
potential barrier. Further, the length of necks determines the width of the potential 
barrier and, thus, restricts the total conductivity along the percolation paths. [89] In the 
end, an adequate application of either the grain model or neck model strongly depends 
on the presence of necks, that is insignificant for materials of separated grown grains 
(as e.g. thin films) or materials, which have not been thermally treated. [89] 
 
 
Figure 2.3: Sensing layer model (left) [adapted from 87] and neck control model 
(right) [adapted from 89] for partly sintered crystallites. 
 
However, experimental investigations published so far, generally confirm – even though 
the sample history and analytic methods differ in each case and, thus, do not permit a 
quantitative comparison - that the material properties are complementarily affected by 
the number of structural and electronic defects. These kinds of defects are stabilized 
with decreasing particle size as known for spherical particles, although the form also 
plays a role. [90] The active sensing surface exhibits a multitude of various defects and 
crystallographic faces, which are energetically unequal, so that the reaction kinetics of 
initial adsorption of gas molecules, the consecutive reactions of formed intermediates 
and the final desorption of reaction products all differ. [91,92] Hence, a decrease of the 
particle diameter linked with an increasing surface-to-bulk ratio leads to a significant 
increase in surface reactivity due to a growing amount of defects on surfaces with 
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greater curvature. [89] This improved surface reactivity upon decreasing particle size 
accompanied with a decrease of the working temperature was published for catalytically 
active nanoparticles. [93-95] Additionally, the microstructure of sensor layer represents a 
key parameter in controlling the sensing properties, since their porosity and thickness 
determine the accessible surface and diffusion processes. 
 
2.1.5 Microstructure 
Beside the surface chemistry and working temperature the microstructure or texture of 
nanoparticulate layer strongly influences the sensing performance, because beside the 
particle size the layer thickness and porosity define the internal microscopic surface 
accessible for interpenetrating gas molecules. [70,96] 
The layer thickness constitutes a dimensional parameter, as e.g. grain size and neck 
size, and is classified in terms of thick film, i.e. d > 100 nm, or thin film types, i.e. 
d < 100 nm, due to different design approaches. In contrast to ceramic thick films, at 
which synthesis conditions and thermal treatment are the main tuning parameters, the 
particle size of thin films is found to depend directly on the deposited film thickness. [89] 
Thus, for thin films a change in layer thickness leads to a change in the magnitude and 
temperature of maximum sensor response correlated with a shift in particle size and 
gas-permeability. For thick films the gas accessibility depends on the nature of analyte 
molecule and dominates the sensing effect, while other dependencies, as e.g. 
sensitivity toward reducing gases, are contradictorily reported. In comparison, thin films 
are found to be more sensitive and faster in response/recovery behavior than thick films 
due to the accessibility of all percolation paths contributing to the sensor signal. [97] 
The layer porosity represents a critical morphological factor, as e.g. agglomeration, 
grain network and intergrain contacts and, thus, directly determines the total accessible 
surface area. In principle, the layer becomes more compact with decreasing particle 
size, while the interpenetration with gaseous molecules becomes more hindered with 
increasing layer thickness, so that a concentration gradient is realized within the layer. 
This gradient strongly depends on the diffusion rates and interactions of target analyte 
and its reaction products into the particle layer and with the metal oxide surface, 
respectively. As a result a stationary equilibrium is formed, which determines the 
response and recovery time of the sensor. [98] In case of strong interactions, the analyte 
gas reacts within short diffusion distances, while in case of relatively weak interactions, 
a longer diffusion distance can be covered. [96] 
New approach toward the enhancement of diffusion rate and improvement of sensing 
materials utilizes one-dimensional non-spherical nanostructures such as wires, rods, 
belts, fibers and (carbon nano)tubes. To accomplish such anisotropic morphologies, 
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bottom-up strategies are applied in order to gain control over both the nano and the 
microstructure at the same time. [99-106] 
Since the layer thickness and porosity strongly affect the diffusion processes, as e.g. 
intergrain oxygen diffusion, bulk oxygen diffusion, gas diffusion inside the metal oxide 
matrix and surface diffusion of adsorbed species, [89] an ideal sensor is composed of 
small nanoparticles in terms of a thin layer featuring macropores [107] in order to provide 
a large surface for analyte detection and extended percolation paths at the same time. 
Beyond that, various structural and electronic defects on the sensing surface are 
stabilized by the higher curvature of smaller particles [89,90] leading to an increased 
reactivity of different crystallographic faces and reaction kinetics [91,92]. Besides, the 
working temperature or chemical composition, i.e. addition of dopants, can be varied to 
decrease cross-sensitivity characteristics. 
2.1.6 Doping 
The performance of sensor material in terms of sensitivity, selectivity, thermal aging etc. 
can be modified via volume and surface doping, at which dopants are either deposited 
as particles at the oxide surface or incorporated as constituent into the oxide lattice, 
respectively. In the present context the term doping refers to any modification of base 
material by addition of foreign material and, thus, does not equate to the bulk doping of 
ultrapure materials by infinitesimal small amounts, i.e. ppm range, of highly dispersed 
impurities known from the semiconductor technology. 
Volume dopants directly alter both the material and sensor properties of base material, 
because the additive, i.e. 1 to 10 wt%, is already introduced during the synthesis step. 
Hence, the resulting multi-component materials exhibit new electrical, chemical and 
physical properties due to the incorporation of inert, as e.g. metal oxides, or catalytically 
active additives, as e.g. transition metals. Thereby, even minor quantities of catalytic 
additives lead to unpredictable new sensing properties and, then, mayor quantities to 
the segregation of layers or formation of phases, i.e. discrete particles, solid solutions or 
foreign phases, depending on the mutual solubility of host and guest (Fig. 2.4). [108] The 
main interacting factors influenced by volume doping are related to the microstructure 
(as e.g. network, morphology, and crystallography), composition (as e.g. elemental 
composition, stoichiometry and thermal stability), electrical property (as e.g. electron 
exchange rate, free charge carrier and surface potential) and catalysis (as e.g. catalytic 
activity, active phase, adsorption/desorption etc.). [89] However, the unpredictable impact 
on the sensing performance of given base material still demands a basically empirical 
approach in search of ideal sensor materials, since the enhancement of one parameter 
might simultaneously degrade another. [108] 
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Figure 2.4: Schematic layer segregation and phase formation of volume doped 
materials above solubility limit of host and guest. [adapted from 108] 
 
Active surface dopants improve the selective interaction between the sensor material 
and target analyte, because they are deposited subsequently to the preparation of 
sensing material or layer and, thus, located as separate particles of the surface. The 
modification of sensing surface enhances both the sensitivity and selectivity by lowering 
reaction time and working temperature, which increases the long-term stability. For the 
deposition of catalytically active dopants by e.g. impregnation or spraying techniques 
typically noble metals (as e.g. Rh, Pd, Ag, Pt, and Au), transition metal oxides (as e.g. 
of Fe, Co, Cu and Zn), or main group elements (as e.g. B and Se) are applied. 
Subsequent thermal treatment leads to a distribution of metallic or oxidic clusters at the 
sensing surface, which catalytically promote or inhibit chemical reactions. Beside the 
doping element the sensing properties are tunable by the cluster dimension and 
intercluster distance, whereby the sensitization can be achieved by using superficial 
clusters as well as atomically distributed Pt and Pd at (sub-)surface sites. [109,110] 
Basically two mechanistic models, i.e. the electronic and chemical sensitization, explain 
the shift of maximum sensitivity to lower working temperatures [108]. [47,111,112] In case of 
the electronic sensitization, i.e. redox state changing (Fig. 5 left), the space charge area 
is significantly enlarged by doping with strong electron acceptors, as e.g. AgO/Ag, 
PdO/Pd and CuO/Cu and, thus, the redox state and chemical potential is altered toward 
the analyte(s). [47] In case of the chemical sensitization, i.e. “spill over” effect (Fig. 5 
right), the surface reactions are catalyzed by doping with catalyst clusters acting as 
adsorption sites and, thus, activated fragments of the respective analyte are transferred 
to the sensing surface and the surface potential is lowered. [47] In both cases the 
conductivity and sensitivity of a sensor material is increased by applying reducing 
gases, as e.g. H2. But also dopant diffusion into the metal oxide lattice and 
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(subsequent) alloy formation [113,114] or synergetic effects of several dopants as in the 
heterogeneous catalysis are feasible [115,116]. 
 
 
Figure 2.5: Electronic sensitization or redox state changing (left) and chemical 
sensitization or analyte activation (right) by surface doping of base 
material. [adapted from 5,47] 
 
Since nanoparticles and dopants are employed to increase the sensitivity and selectivity 
of distinct base material also the crystallite shape can be used due to the energetically 
different adsorption sites of crystal facets [91,92]. However, also physical and chemical 
auxiliaries, as e.g. porous or rather catalytic filters and oriented or functionalized 
membranes (zeolites, catalytic sieves and passive membranes), are arranged in front of 
sensor devices in order to block parasitic or poisoning interferrants [117-122]. 
The large number of variable parameters together with the unpredictable influence of 
preparation history requires novel methodologies for the rapid characterization of 
potential gas sensor materials. In the past high-throughput experimentation turns out to 
be a promising step in this direction. 
 
2.2 Heterogeneous Catalysts 
A catalyst is defined as a substance, which increases (but not decreases) the reaction 
rate without altering the change in total standard Gibbs energy of chemical reaction. [123] 
During catalysis the relative small quantities of catalyst act as both reactant and product 
without affecting the thermodynamic equilibrium of chemical process, so that the 
catalyst remains fully recovered after each uninterrupted catalytic cycle. 
The basic principle of heterogeneous catalysis relies on different physical phases of 
catalyst and reactant, i.e. solid, liquid and gaseous state, to facilitate the simple 
separation of desired product. Hence, the catalytic reaction is located at/near the 
interface of both immiscible phases, of which the solid/liquid and solid/gaseous 
combinations are generally dominating. 
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Since centuries heterogeneous catalysts are applied in a wide range of commercial 
processes providing substantial benefits in societal, economical as well as ecological 
concerns. [9,10] At present, the heterogeneous catalysis is of paramount importance as 
one key tool, not only for a sustainable production of green chemicals and alternative 
fuels, but also for a preventive abatement of anthropogenic pollutants in atmosphere 
and water. [11] In the future, major challenges consist of the further enhancement in 
reaction selectivity, i.e. less by-products, and in conversion rate, i.e. more productivity, 
to minimize the four basic sustainability stresses, i.e. resources, waste, hazards and 
costs, [13] and, thus, to promote more material-, energy- and cost-efficient processes. 
 
2.2.1 Oxidation catalysts 
Miscellaneous inorganic materials are well established as solid catalysts, as e.g. metals, 
oxides, sulfides and carbons, for the conversion of gaseous reactants into the intended 
products. The inorganic materials are basically applied either as bulk catalysts in terms 
of purely active materials or as supported systems in terms of non-active carrier 
materials as oxides or carbon activated by metal nanoparticles, metal oxide aggregates 
or complete coverages of active components. The application of nanostructured 
materials gains control over the catalyst structure and particle size in the nanometer 
range to tune the intrinsic properties, as e.g. accessible surface area and tailorable 
active sites. Hence, different (meso)porous materials, as e.g. oxides (i.e. alumina, ceria, 
silica, titania and zirconia), (hierarchical) zeolites, molecular sieves (as e.g. 
aluminophosphate (AlPO) and silicoaluminophosphate (SAPO.)), metal organic 
frameworks (MOF), carbon nanotubes (CNT) and pillared interlayer clays (PILC) with 
surface areas amounting up to several hundreds of m2/g, are used as support to deposit 
active sites (besides their own catalytic activity as acid/base catalysts). [10] Among these 
alumina and sicilia constitute widely used support materials, whereas the zeolite ZSM5 
is without a doubt the most important support. Besides, the (catalytically active) 
materials offer tunable chemical and physical properties, as e.g. composition, valence 
state, acid-base, redox, surface area, porosity, particle size, morphology, thermal and/or 
electrical conductivity, as well. [8] 
Major applications of heterogeneous catalysis consist in the selective functionalization 
of light alkenes via mild partial oxidation for chemical reactions and the strong total 
oxidation of organic residues via total conversion for environmental catalysis [12]. 
Regarding the chemical reactions optimum reaction conditions, i.e. feed composition, 
reaction temperature, reactor design etc., [124] are supplied continuously to generate the 
highest possible selectivity of desired product under consideration of conversion. In 
contrast, concerning the environmental catalysis highly variable exhaust gas, i.e. 
atmosphere, pressure, temperature etc., is provided discontinuously, i.e. at cold start or 
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speed alteration conditions, to realize the almost complete conversion of all components 
under consideration of reduction processes. 
Among the reducing light HC methane constitutes the most inert and ethylbenzene the 
most reactive exemplar, whereas i-butane is considered to be similar reactive as other 
C2, C3 and C4 substrates, i.e. molecules of two to four carbon atoms, as e.g. ethane, 
propane, propene, butane and i-butene concerning selective oxidation reactions. [125] 
The activation of C-H bonds, as e.g. by nucleophilic oxygen via hydrogen elimination in 
terms of single-electron process and homolytic bond cleavage, is the most sophisticated 
elementary step, since very mild conditions are required in respect of the subsequent 
functionalization steps and sensitive target molecules. [126] During this initial and rate-
determining step the nonpolar C-H bonds of reactants are less reactive than their 
susceptible counterparts of intermediates and, thus, make the achievement of high 
selectivity and prevention of total oxidation very challenging. In the sequence of 
consecutive and parallel reaction steps the selective functionalization of primary olefin 
intermediate, i.e. insertion of oxygen by electrophilic oxygen, has to be kinetically 
stabilized to prevent over-oxidation. [127]  
However, the activation of methane requires even more active catalysts, because in 
contrast to the other alkane series CH4 cannot eliminate hydrogen and desorb. [126] 
Consequently, the degree of CH4 conversion can serve as reference for all higher HC 
compounds in the total oxidation to benign products, i.e. H2O and CO2, since the most 
inert component constitutes the total oxidation rate of whole gas mixture [128]. 
Despite their industrial application especially the oxidation processes still offer 
considerable potential for future improvement in efficiency, as e.g. generation of 
alternative oxidants, activation of light alkanes and efficiency of supported nanoparticles 
(NP) each at mild conditions. [14] However, the common optimization of known catalysts 
and development of innovative ones based on empirical approaches via HTE and 
combinatorial search strategies has led to chemically complex catalytic systems. [129] 
Consequentially, the high level of heterogeneity of resulting multicomponent and 
multiphase catalysts hinders the structural and chemical characterization in order to 
compare and trace back structure property correlations. One promising approach are 
single atom catalysts (SAC) or single site heterogeneous catalysts (SSHC) [130], as e.g. 
metal oxides doped by cations (and anions), which achieve high selectivities due to their 
structurally uniform active sites. In case of single noble metals coordinated to the host 
oxide less material is needed and less sintering occurs compared to metal clusters. [131] 
However, due to the current level of scientific understanding the complex oxidation 
mechanisms are basically described by more phenomenological concepts rather than 
mechanistic models. [132] 
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2.2.2 Quality factors 
A perfect heterogeneous catalyst converts the reactant rapidly and completely into the 
desired product by a maximum in activity of catalyst system and selectivity of chemical 
reaction. For continuous reaction processes the three deciding quality factors for the 
evaluation of catalytic performance are the conversion, selectivity and activity, of which 
the selectivity constitutes the by far most important one. [124,133] 
The conversion of reactant Xr is defined as the ratio between the amount of converted 
reactant, i.e. mol (concentration or partial pressure), and the amount of starting reactant 
nr,i (input), whereas nr,o denotes the amount of remaining reactant (output). The 
conversion can be given as relative conversion of reactant Xr(%) (Eq. 2.4) as well to 
express how much of reactant has been consumed: 
r,i r,o
r
r,i
(%)  100
−=  n nX
n
   (2.4) 
The selectivity of product Sp represents the ratio between the intended product and 
undesired by-products, which have been formed by taking into account the reaction 
stoichiometry. Hence, the relative selectivity of product Sp(%) (Eq. 2.5) states how much 
of initial reactant has been transformed into the intended product in ratio to all undesired 
by-product(s). Therein, the amount of starting product (input) is labeled as np,i and the 
amount of obtained product (output) as np,o, while µr and νp stand for the stoichiometric 
coefficient of reactant(s) and product(s), respectively: 
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The yield of product Yp indicates the ratio between the amount of formed product and 
the amount of starting reactant in consideration of the stoichiometric coefficience(s) of 
reaction. The relative yield of product Yp(%) (Eq. 2.6) determines how much of intended 
product was formed: 
 p,o p,i r
p
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 -n n
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n
   (2.6) 
Consequentially, the both independent quality factors Xr(%) and Sp(%) are connected 
with Yp(%) by a simple relationship (Eq. 2.7), which implies that effective catalysts have 
to be both very active and highly selective: 
r p p(%) (%) (%) 100=X S Y    (2.7) 
Since the selectivity remains a function of conversion irrespectively of the temperature, 
hence, the product selectivity can be significantly increased by a shift to lower operation 
temperatures via improvement of catalyst activity without affecting the conversion. [134] 
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The (catalytic) activity introduces the time as third independent factor and represents 
how fast the educts are converted into products by the catalyst. One of the key 
indicators is the turnover frequency (TOF), [135] which is simply the number of times n 
that the overall catalytic reaction in question takes place per catalytic site per unit time t 
for a fixed set of reaction conditions, whereas nPM is the number of molecules of given 
product and nAS the number of active sites of catalyst (cf. Eq. 2.8): 
PM
AS 
TOF  = n
n t
   (2.8) 
 
From the industrial engineering point of view in this context the specific product yield of 
reactor vessel is used for reactors operated continuously to state the obtained amount 
of product per space and time. Besides, also the space-time-yield is used for the 
optimization of reactors and even expressed concerning the volume or mass of catalyst. 
 
2.2.3 Working principles 
The operation of working catalyst requires the interaction of whole catalyst structure and 
all chemical processes in respect of several dimensions of both length and time, as e.g. 
surface, transport and solid state processes. [132] With respect to the various material 
compositions and reaction conditions a scientific comprehension of the dynamic 
phenomenon catalysis is very difficult in terms of a general theory, but there are some 
fundamental principles and specialized concepts. [8] Concerning the selective partial 
(amm)oxidations the basic phenomenological concepts were described by notably 
Grasselli as the seven fundamental principles or even pillars, i.e. lattice oxygen, metal-
oxygen bond, lattice structure, redox property, active sites, site isolation and phase 
cooperation: [136-138] 
   ● The lattice oxygen of reducible metal oxides, as e.g. multivalent transition metal 
oxides, serves as versatile and selective oxidizing agent toward light HC even 
better than gaseous oxygen. During the successive oxidation of HC molecules 
the lattice oxygen participates actively as reactant causing the progressive 
reduction of metal oxide. The depletion of active lattice oxygen by its insertion 
into the intermediate or product generates anion vacancies at the solid surface, 
which can diffuse into the bulk via migration of surrounding lattice oxygens. 
   ● The strength of metal-oxygen bond significantly influences the turnover 
frequency (TOF), since relative weak bonds result in over-oxidized by-products 
and relative strong bonds inhibit the oxidation reaction. Hence, the so-called 
Sabatier principle [139] states that an optimum strength of adsorption bonds, i.e. 
(un)stability of reaction intermediate on solid surface, is required for a selective 
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partial oxidation as provided by covalent and amphoteric metal oxides, as e.g. 
molybdates, antimonates and vanadates.  
   ● The lattice structure of host has to provide the active oxygen and also to 
accommodate the anion vacancies without substantial structural 
transformations, which will finally result in the collapse of reduced oxide. 
Thereby, the inherent variations in lattice structure and surface composition of 
nanoparticles cause different coordination numbers and, thus, catalytic 
activities of nonequivalent sites, which decrease the selectivity. Besides, the 
host structure has to be most suitable in terms of an adequate electron transfer 
and oxygen ion diffusion, as e.g. fluorites, perovskites, pyrochlores, (tri)rutiles, 
and scheelites. 
   ● The redox properties of catalyst influence the reoxidation of solid catalyst by 
molecular oxygen from ambient atmosphere, i.e. regeneration of lattice oxygen. 
Thereto, the (sub)surface oxygen vacancies migrate from the catalytic active 
sites to the reoxidation sites, at which ambient oxygen is physisorbed, 
chemisorbed and, finally, incorporated into the oxygen lattice by elimination of 
anion vacancies. During redox cycles these both independent processes can 
occur either separately (cyclic process) or simultaneously (catalytic process), 
while the regeneration has to be much faster than the reduction for reasons of 
functionality. The rationale of redox concept is illustrated by the Mars and van 
Krevelen (MvK) mechanism [140,141]. 
   ● The active sites of multimetallic oxide catalysts have to be multifunctional to 
comply with the complex functionalizations of HC, as e.g. dissociation and 
formation of chemical bonds, abstraction and insertion of activated atom 
species and transfer of electrons, during the catalytic cycle. Hence, the 
sequence of reaction steps implements the reversible adsorption of reactants at 
the surface, the activation of reactant and stabilization of reaction intermediates 
and, finally, the desorption of desired product. 
   ● The site isolation of active centers significantly affects the selectivity of 
oxidation by the spatially isolation of reactive surface oxygen in defined isolated 
domains of catalyst surface. Depending on the stoichiometric requirements the 
isolation of active sites and the cooperation of adjacent ensembles are leading 
to under-oxidized or over-oxidized products by the different amount of provided 
oxygen. In contrast, the right intersite distances, i.e. grouping of active sites, 
hinder the inactivity of single sites and the total oxidation of abundant sites. 
Thus, the optimum conditions to achieve a maximum selectivity occur at an 
intermediate reduction level of surface oxygen lattice, i.e. oxidation state. 
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   ● The cooperation of different phases closely connected to each other allows for 
the partition of essential properties, whether there is no appropriate structure 
available. The conditions for synergism between the different phases, as e.g. 
activation, oxidation, conversion and reoxidation function, are best satisfied by 
the formation of coherent interfaces in sterical close contact. Thereby, epitaxy 
realizes the best contact of two phases, which feature at least one structurally 
closely related lattice plane. But basically, single phase catalysts exhibit 
superior performances compared to microdomain ones. Among the selective 
oxidation catalysts the group of complex multicomponent molybdates (MCM) 
and multicomponent antimonates (MCA) are good examples for the positive 
impact of phase cooperation on their performance. 
Besides, also other synergetic phenomena occur in case of multiphase catalysts usually 
applied in the partial oxidation and of multicomponent catalysts used in the complete 
conversion of HC, as e.g. phase-support interaction: [8] 
The active phase-support interactions of supported catalysts depend on the surface free 
energies of both materials and interfacial free energies between both materials. [142,143] 
Hence, the wetting of support surface or spreading of active phase arises, if a thermal 
treatment above the Tammann temperature, i.e. half of the melting point of bulk, 
enables its mobility. In case of the surface energy of active phase is lower than that of 
oxidic support, as e.g. transition mixed oxides, the oxides form catalytic monolayers by 
wetting, while in case of higher surface energies, as e.g. transition and noble metals, 
the NP reduce their active surface by agglomeration. The last-mentioned (reversible) 
deactivation of NP is hindered by the stabilization via metal-support interactions (MSI) 
or even strong metal-support interactions (SMSI) so that the kind of support significantly 
affects the active catalyst. 
Practically, the challenging preparation of tailored oxidation catalysts is not in the first 
place aimed at high surface to mass aspect ratios for the interaction between solid and 
gaseous phase, since often only geometric surfaces of about 1 to 10 m2/g are applied. 
But instead the catalyst preparation strongly focuses on tailored surfaces for the 
functionalization of geometric and electronic properties. This catalyst surface flexible in 
its oxidation state and physical structure has to provide appropriate concentrations of 
active sites considering the particular multistep oxidation process to be catalyzed. The 
resulting catalytic potential is constituted in the compositional and structural complexity 
of interacting active sites and solid phases, which hamper their rational optimization and 
scientific understanding due to the inaccessibility of material structure and occurrence of 
diverse chemical reaction paths.  
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2.2.4 Selective oxidations 
Nowadays, highly effective heterogeneous catalysts are industrially applied in various 
selective oxidation processes by the chemical industry as to a quarter of most important 
organic intermediates and chemicals produced world-wide [144]. Some major products 
are acrolein, acrylic acid (AA), acrylonitrile (AN), ethylene oxide (EO), formaldehyde, 
maleic anhydride (MA), methacrylic acid (MAA), phthalic anhydride, propylene oxide 
(PO) etc. [138] In this context the conventional reactive building blocks for monomers and 
intermediates, i.e. alkenes and aromates, are demanded to be successively substituted 
by more sustainable feedstocks cheaply derived from abundant natural gas, bio mass or 
organic waste. [14] Though, the novel upgrading of alternative inactive alkanes has to 
prevail against the antiquated processes based on petrochemical refining, which have 
been established and optimized for more than a century. [11] Moreover, hazardous 
stoichiometric oxidizing agents are becoming obsolescent, since modern catalytic 
processes are particularly utilizing environmentally benign agents such as O2 from 
ambient air. 
For the oxidative dehydrogenation (ODH) and (amm)oxidation reactions mainly V and/or 
Mo containing bulk oxides including vanadium phosphorous oxides (VPO), heteropoly 
compounds (HPC) and mixed metal oxides (MMO) are applied, since they normally 
achieve significant higher yields in comparison to supported systems. [125] In case of the 
(amm)oxidation two industrial approaches, i.e. oxidation of n-butane to MA on VPO 
catalysts [145,146] and (amm)oxidation of propane to (AN or) AA on MMO catalysts [144,147] 
have been developed to substitute alkenes by alkanes. [10] Even though a multitude of 
potential catalyst materials has been screened and patented in the past, no further 
commercial process was put into practice within this field.  
Among the various catalytic materials tested in the selective oxidation of i-butane to 
methacrolein (MAC) and methyl methacrylate (MMA) the one-step oxidation on (Keggin-
type) polyoxometalates (POM) [148-150] appeared ostensible superior to other applied and 
investigated concepts. [151] Even MoVNbTeOx is suitable in the direct oxidations of 
i-butane and i-butene via similar reaction pathways, since depending on the reactant the 
same adsorbates were detected on both kinds of catalyst. [152] In the comparison study, 
the MoVNbTeOx exhibited higher catalytic activities compared to the POM, but 
unfortunately the selectivity is yet insufficient at high conversion rates. The insufficient 
conversion-selectivity behavior might be originated by the unfavorable difference of the 
binding energies of educt and product, resulting in lower stability of products compared 
to educts, where below a difference of about 20 to 50 kJ/mol no full selectivity has been 
achieved so far (Fig. 2.6). [153] Hence, a better understanding of promising MMO catalyst 
candidate will exceed the limitations in the present catalyst performance and substitute 
the established acetone cyanohydrin (ACH) process. 
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Figure 2.6: Diagram of selectivity to product versus D0 H C-H (react) - D0 H C-H (prod) or 
C-H (prod) at 10 % conversion. [adapted from 153] 
The remarkable MoVM (M = (transition)metal) system conceived [154] and patented [155] 
long ago is successfully established in the selective (amm)oxidation of propane [144,147]. 
Many catalysts systems containing V-based oxide clusters are known for their C-H 
activation based on the redox properties of V, i.e. oxidation states from +III to +V, which 
are the best studied material and reaction of supported systems. [126] In numerous 
selective oxidations the active sites are metavanadates, of which oligomers with 2 to 4 
centers are most resistant to their agglomeration, i.e. crystalline phase of oxide, and 
flexible to the dynamic environment, i.e. composition and morphology of solid. [127] Also 
the oligometaoxoacids of Mo and Cr – and much less those of Ti, Nb and W - allow for a 
stable oxide architecture under the prevailing chemical conditions, i.e. presence of 
oxygen, water and reactants. [127] In supported catalysts Mo-based oxides also activate 
the C-H bond depending on the reducibility of metal oxide and strength of metal-oxygen 
bond via homolytic cleavage, though both catalyst systems exhibit important differences 
in surface chemistry. [126] For more ambitious conversions more complex compositions 
of MoVTeNbOx are applied, which feature channels composed of five to seven Mo and 
V oxide octahedra. The channels coordinating the Nb and Te oxides are formed of 
isolated or paired V units as the active sites in initial activation surrounded by a matrix of 
Mo units. [156,157] The catalytic activity is connected with the V concentration and location 
of Mo substitution or the distortion of V units in respect of the particular conversion. [126]  
 
2.2.5 Total oxidations 
Besides, highly advanced heterogeneous catalysts are commercially employed in divers 
total oxidation processes by the growing field of environmental catalysis, which already 
amounts to more than a third of all catalytic processes [8]. [12] The most important 
examples are related with the atmospheric combustion emissions of both stationary and 
mobile sources, i.e. unburned hydrocarbons (HC), oxidation products and particulate 
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matter. These anthropogenic activities require the conversion of noxious volatile organic 
compounds (VOC) into harmless products, [158] just as in case of automobiles, whose 
internal combustion engines are having significant impact. Hence, the increasingly 
stringent regulations on automotive exhaust in the USA, Europe, Japan and those 
derived therefrom [159,160] have launched a history of different exhaust aftertreatment 
technologies [161]. Thereby, the kind of catalytic converter is determined by the fuel type 
and operation conditions, as e.g. three-way catalyst (TWC), NOx storage catalyst 
(NSC), direct oxidation catalyst (DOC) and diesel particle filter (DPF). [160,162]  
Focusing on the most abundant TWC (Fig. 2.7) more than 6·107 devices per year are 
produced worldwide for gasoline engines in stoichiometric operation [8] to convert NOx, 
CO and HC simultaneously into inert and benign products, i.e. N2, CO2 and H2O. The 
involved oxidation processes are the result of a complex interplay of numerous reaction 
pathways and intermediate species by the surface chemistry strongly depending on 
operation conditions and exhaust temperature. [163] The active washcoat layer deposited 
on comb-structured metallic or ceramic monolith substrates (insets in Fig. 2.7) 
represents a sophisticated catalytic system of basically three interacting components, 
i.e. platinum group metals (PGM) as active catalysts, ceria-based oxides as redox 
promoter/oxygen storage and stabilized alumina as support/bulking material [159,164]. 
 
 
Figure 2.7: Schematic lateral cut of automotive TWC for exhaust aftertreatment 
showing monolith and washcoat structure in detail. [adapted from 165] 
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The oxidation of unburned HC is mainly performed by Pd and Pt NP, [160,166] whose 
thermal aging/sintering depending on the kind of support oxide causes a degrading of 
catalytic activity. [167,168] For an economical application the PGM loading is rationally 
subdivided in different layers and/or zones along the monlith. [159] Alternatively, the PGM 
ions are incorporated into the support oxide or rather other perovskite materials are 
applied [164,169] in order to avoid the negative effects of PGM emissions on health and 
environment. [170] For the maintenance of oxidation, but also reduction processes, the 
air-to-fuel ratio (AFR) is permanently oscillating around the stoichiometric point, i.e. 
coefficient λO2 = 0.99 to 1.01. The resulting alternating oxidizing and reducing conditions 
are buffered by ceria/zirconia (CZ) based materials as oxygen storage and controlled by 
an oxygen sensor, i.e. λO2-probe, in terms of an chemical and engineering control, 
respectively [171]. Beside the total combustion, ceria-based materials are also employed 
in selective oxidations using SMSI, i.e. metal doping into ceria or ceria decoration of 
metal, caused by the ceria redox cycle [172]. Due to the high space velocity of engine 
exhaust even high specific surfaces of washcoat are achieved by γ-Al2O3 thermal 
stabilized by La2O3. 
Despite the composition of automobile exhaust constantly fluctuates particularly during 
cold-start operation [160] nearly total conversion, notably of unburned HC, is practically 
realized under optimal engine conditions [161]. Since some occurring oxidation reactions, 
as e.g. CO and NO, generally behave self-poisoned by their molecular species, which 
become strongly adsorbed on surface sites at lower temperatures, their desorption 
leads to an accelerated conversion rate at rising temperature. But with increasing 
temperature their proceeding desorption initiates a self-amplifying feedback of 
exothermic reaction and, thus, a further increase in reaction rate and temperature finally 
results in the glowing of converter, which has led to the common term light-off (LO) for 
this autocatalytic oscillating phenomenon [166]. 
 
2.3 Impedance Spectroscopy 
The (electrochemical) impedance spectroscopy (IS) [31-37] is widely established in the 
material science as in situ characterization method for the non-destructive analysis of 
dielectrical material properties. These properties mean the temporal dynamics of mobile 
and stationary charge carriers in the bulk and at the interfaces of electron and ion 
conducting solid and liquid materials. Their electrical conductivity results from the 
charge transfer by electrons or electron holes in case of semiconductors and by ions or 
vacancies in case of ion conductors. Thus, the conductivity increases with temperature 
according to the Arrhenius law due to the concentration of charge carriers and the 
mobility of basically vacancies. 
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During the experimental course a series of electrical stimuli is applied to an electrode-
sample-system in the state of thermodynamic equilibrium by using alternating voltage 
and, then, the time-dependent system responses of excited system are detected, while 
the system returns to its equilibrium condition. A chemical cell, as e.g. sensing layer 
coated on IDE structure, is well-suited as sample system, while the time-dependent 
stimulus can be an electrical field or voltage and the measured response a current 
and/or polarization. In the ideal case of linear relation between stimulus and response 
conclusions can be drawn regarding the electrical properties of equilibrium system via 
linear-response theory. Though the electrochemical processes of real systems normally 
exhibit non-linear behavior, an adequate weak stimulus can be interrelated to the 
response by a linear differential equation of transfer function, while at the same time the 
signal-to-noise ratio has to be as large as possible. The physical and mathematical 
fundamentals of electrical characterization via IS, which are essential for the 
comprehension of presented research studies, are briefly introduced in the following on 
the basis of more ambitious surveys [31-37]. 
 
2.3.1 Physical background 
In real electrode-sample-systems an electrical field interacts with the sample material in 
terms of translational motions of charge carriers and/or defect reorientations of dipole 
moments. In the first case the interaction of fast charge carriers is in phase with the 
electrical stimulus and causes a resulting current with the current density i (Eq. 2.9), 
whereas σ is the specific conductivity and E is the electric field: 
 = σi E    (2.9) 
In the second case the interaction of slow dipole moments is not in phase with the 
electrical stimulus and provokes a resulting displacement current i (Eq. 2.10) in opposite 
direction, whereas D is the dielectric displacement: 
δ= δ
Di
t
   (2.10) 
The dielectrical displacement D (Eq. 2.11) represents the total charge density on the 
electrodes, whereas ε0 is the permittivity in free space and P the polarization of 
dielectric material: 
0 ε +D = E P    (2.11) 
In real systems both phenomena typically occur coupled to each other and exhibit 
relaxation processes with a certain time constant. Hence, these phenomena can be 
discriminated, if they significantly differ from each other within the applied frequency 
range. In contrast, very fast processes with extreme small time constants, as e.g. 
displacement of electron density with 10-11 s or ionic vibrations with 10-16 s, are not the 
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subject of IS measurements in contrast to the reorientation of ions, molecules or 
defects. 
In case of DC measurements the occurring current and voltage are in phase to each 
other and, hence, the corresponding circuit equivalent can be simply described in terms 
of (ideal) resistor(s) by real numbers and Ohm’s law. But in case of AC measurements 
the current can be phase shifted relative to the voltage and, thus, additional frequency-
dependent capacitor(s) and inductance(s) are required, which are generally calculated 
by complex numbers. 
 
2.3.2 Measured quantities 
The application of time-dependent voltage U* (Eq. 2.12) to an electrode-sample-system 
provokes a time-dependent electrical current I* (Eq. 2.13) through this system, which 
can be phase shifted around the phase angle φ compared to the initial voltage, whereas 
i stands for the imaginary number, i.e. (-1)0.5, ω for the angular frequency and t for the 
time: 
i
0* ( , ) = e
ωω  tU t U     (2.12) 
i
0* ( , ) = e
ωω   tI t I     (2.13) 
Due to the periodic time-dependent character of stimulus and response the impedance 
Z* (Eq. 2.14) is also defined as complex quantity by the variation in angular frequency, 
whereas U0 denotes the amplitude and I0 the current signal: 
0
0
* ( , )* ( ) = =
* ( , )
ωω ω
U U tZ
I I t
   (2.14) 
Formally, the impedance of electrode-sample-system can be subdivided into their 
different contributions, i.e. resistive (R; Eq. 2.15), capacitive (C; Eq. 2.16) and inductive 
part (L; Eq. 2.17), whereas C means the capacitance and L the inductance, while the 
latter one will be neglected in the following discussion: 
0 R
R
0 0
* ( ) = =ω U UZ
I I
   (2.15) 
0 C
C
0 0
1* ( ) = = =ω ω
U UZ
I I j  C
   (2.16) 
0 L
L
0 0
* ( ) = = =ω ωU UZ j  L
I I
   (2.17) 
The impedance Z* is composed of its real part Z’ and imaginary part Z’’ (Eq. 2.18 and 
2.19) and so, this vector quantity can be visualized in terms of an Argand plot by either 
rectangular or polar coordinates in the complex plane (Fig. 2.8) [173]: 
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* ( ) = '( )+ i ''( )ω ω ωZ Z  Z    (2.18) 
2 2* '  + '' =Z Z Z    (2.19) 
 
 
Figure 2.8: Schematic Argand plot of electrical impedance Z* in terms of real part 
Z’ and imaginary part Z’’. 
 
Besides, the impedance Z* can be expressed by the Euler’s formula (Eq. 2.20) in terms 
of the real part Z’ (Eq. 2.21) and imaginary part Z’’ (Eq. 2.22) using the phase angle φ 
(Eq. 2.23): 
cos sin= +e x i x    (2.20) 
0
0
' = cos = * cosϕ ϕUZ   Z   
I
   (2.21) 
0
0
'' = sin = * sinϕ ϕUZ   Z   
I
   (2.22) 
''arc tan
'
⎛ ⎞ϕ = ⎜ ⎟⎝ ⎠
Z  
Z
   (2.23) 
 
2.3.3 Ideal circuit equivalents 
The mathematical computation of impedance spectra phenomenologically simulates the 
macroscopic material properties by fitting the transfer functions with corresponding 
electric circuits over the complete frequency range. The electric circuits consist of either 
ideal circuit equivalents, as e.g. resistor, capacitance and inductance and/or real circuit 
elements, as e.g. constant phase element (CPE), as well as their combinations in 
parallel and/or serial connection. Consequentially, the particular physical processes of 
real system can be attributed to the corresponding processes of circuit equivalents. 
Thereby, the fit quality increases with the number of circuit equivalents, which have to 
be attributed as close as possible to particular physical processes on the microscopic 
scale. Since different electric circuits can exhibit the same frequency-dependent 
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behavior a physical model, as e.g. the brick layer model of cubic and monodispers 
particles, [174] on the basis of material analysis has to be developed in advance. 
Concerning for instance a parallel RC circuit equivalent, i.e. resistor and capacitor, the 
impedance (Eq. 2.24) becomes frequency independent and only real, if φ = 0, and, 
then, the translational motions of charge carriers are solely described by an ohmic 
resistance R, while the applied voltage and induced current are in phase (point A in 
Fig. 2.9): 
* ( ) = ' =ωZ Z R   if 0ϕ =  (2.24) 
Contrariwise, the impedance (Eq. 2.25) becomes frequency dependent and only 
imaginary, if Z’ = 0 and, then, the defect reorientations of dipole moments are solely 
determined by a capacitance C, while the induced current is ahead of the applied 
voltage (φ = π/2; bar B in Fig. 2.9): 
1* ( ) = =
i
ω ωZ C  C   if ' = 0Z  (2.25) 
As a consequence of Kirchhoff’s laws, i.e. parallel and serial connection of equivalents, 
the frequency-dependent impedance (Eq. 2.26) can be represented by the sum of two 
orthogonal contributions in terms of parallel RC circuit equivalent (Fig 2.9): 
RC
1* ( ) = =
i 1+ i
ω ω ω
RZ R +
 C R   C
   (2.26) 
 
 
Figure 2.9: Schematic Argand plot of electrical impedance Z* composed of real 
part Z’ and imaginary part Z’’ for parallel RC element (point A and bar 
B having solely resistive and capacitive behavior of Z*, respectively). 
 
Herein, the resistor represents all dissipative contributions of mobile charge carriers and 
the capacitor the storage capacity of system for electric field by polarization processes. 
As the result of both limiting cases, i.e. ω = 0 and ω = ∞, the Argand plot of impedance 
spectrum shows a symmetric semicircle with its centre on the x-axis (cf. Fig. 2.9), 
because the (displacement) current flows mainly through the resistor and capacitor in 
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case of lower and higher frequencies, respectively, while both the resistor and capacitor 
are active in case of medium frequencies. The relaxation frequency ωrelax (Eq. 2.27) 
assigns the maximum of ideal semicircle, whereas τRC is the time constant (Eq. 2.28): 
-1 -1
relax relax( ) 2ω = τ = = πR C   f    (2.27) 
RCτ = R C    (2.28) 
The macroscopic relaxation results from a multitude of microscopic processes and 
behaves temperature-dependent in real systems so that short and long observation 
periods, i.e. high and low measuring frequencies, record fast and slow phenomena, 
respectively. The underlying processes of mobile and stationary charge carriers can be 
discriminated, if the relaxation times or relaxation frequencies frelax sufficiently differ from 
each other (cf. Eq. 2.27). 
Compared to the Argand diagram the frequency dependence of real part and imaginary 
part of impedance is much better emphasized by the Bode plot of impedance regarding 
a parallel RC circuit element (Fig. 2.10). 
 
 
Figure 2.10: Schematic Bode plot of impedance Z* in terms of real part Z’ and 
imaginary part Z’’ for parallel RC element. 
 
However, both the Argand and Bode plot of impedance are simplified two-dimensional 
projections of three-dimensional relationship between the quantities frequency, real part 
and imaginary part of impedance (Fig. 2.11). 
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Figure 2.11: Schematic three-dimensional diagram of impedance Z* consisting of 
frequency-dependent real part Z’ and imaginary part Z’’ for parallel 
RC element. 
 
Besides, other immittances, as e.g. the admittance Y* (Eq. 2.29 and 2.30), i.e. inverse 
impedance or AC electrical conductance, the modulus M* (Eq. 2.31), the dielectric 
permittivity ε* (Eq. 2.32), i.e. inverse modulus, and the dielectric dissipation factor tanδ 
(Eq. 2.33), are also helpful: 
1* ( ) = = '( )+ i ''( )
* ( )
ω ω ωωY Y YZ    (2.29) 
0
0
* ( , )* ( ) = =
* ( , )
ωω ω
I I tY
U U t
   (2.30) 
* ( ) = i * ( ) = '( ) - i ''( )ω ω ω ω ωM   C Z M  M    (2.31) 
1 * ( )* ( ) = = '( ) - i ''( )
* ( ) i
ωε ω = ε ω ε ωω ω
Y  
M   C
  (2.32) 
' ' '' '' ''tan = = = = =
'' '' ' ' '
εδ ε
Z Y M C
Z Y M C
   (2.33) 
 
2.3.4 Real circuit equivalents 
The observed macroscopic impedance is the product of all microscopic processes, 
which are slightly varying due to diffusion processes even in homogenous materials as 
well as to inhomogenities in the electrode structure and sample material. The sum of 
these variations is leading to impedance functions with differently distorted, i.e. 
depressed, skewed or tilted, semicircles (Fig. 2.12). For the computation of not ideal 
semicircles several distributed elements (DE), as e.g. CPE in case of inhomogenities, 
are applied to simulate the distribution of relaxation times in terms of a Havriliak-Negami 
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(HN) function Z*HN (Eq. 2.34), whereas α and β represent exponents and τHN stands for 
the relaxation time: 
HN
HN
* ( )
(1 ( ) )α β
ω = + ω τ
RZ
i  
   (2.34) 
 
 
Figure 2.12: Schematic Argand plot of symmetric semicircle for parallel RC 
element and distorted semicircles for parallel RCPE elements. 
 
The Cole-Cole (CC) function Z*CC (Eq. 2.35) is suitable for depressed semicircles, i.e. 
broadened relaxation area (α < 1) in the range of medium frequencies (cf. Fig. 2.12), 
whereas A = 1/C, if α = 1: 
CC* ( ) ( )α
ω = ω
AZ
i 
   (2.35) 
The Cole-Davidson (CD) function Z*CD (Eq. 2.36) is appropriate for asymmetric or 
skewed semicircles, i.e. circle segment and asymptotic approximation (to βπ/2) in the 
range of lower and higher frequencies, respectively (cf. Fig. 2.12), whereas 0 < β < 1: 
CD
CD
* ( )
(1 ( ))β
ω = + ω τ
RZ
i  
   (2.36) 
Another function (Eq. 2.37) is used to fit tilted semicircles. i.e. centers below the axis of 
real part (cf. Fig. 2.12), caused by a distribution of relaxation times due to diffusion 
processes, material inhomogenities or interfacial phenomena, whereas τ0 = (R/A)1/α: 
0
* ( )
1 ( )β
ω = + ω τ
RZ
i  
   (2.37) 
The Warburg impedance, i.e. linear component in 45° angle to the axis of real part, is 
represented by a CPE element with α = 0.5. This diffusion phenomenon is caused by 
interface polarizations between electrodes and electrolyte at very low frequencies. 
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The IS measurements can be performed in either the time or the frequency domain, of 
which solely the latter was executed during the IS and HTIS measurements herein. 
During these experiments an alternating voltage with defined amplitude was applied, 
while the frequency was incrementally varied in equidistant logarithmic steps to observe 
the individual and collective motions of charge carriers. Hence, single-frequency 
voltages of AC have stimulated the particular system and the resulting sample 
responses, i.e. phase shift and current amplitude, were detected to estimate the 
frequency-dependent capacitive and resistive quantity of material layers. 
 
2.4 High-Throughput Experimentation * 
Considering the immense magnitude of theoretical parameter space, i.e. number of 
potential material compositions and factual interaction parameters, [15] the prediction of 
sensor behavior or catalyst performance appears to be impossible for the interaction of 
multinary and/or multicomponent oxides with gaseous reactants. Thus, in the material 
sciences the traditional sequential development with a great deal of effort has been 
successively replaced by innovative parallel processing with a very high degree of 
automatization in order to drastically increase the total number of sample materials. 
However, the large amount of samples produced and investigated on a short time scale 
simultaneously requires adequate rapid analysis and probing techniques adjusted to 
suit the intended purpose. Hence, the advent of high-throughput experimentation (HTE) 
and combinatorial techniques [15-23] have accelerated the sample synthesis, preparation 
and characterization by ensuring identical processing as well as the systematic 
evaluation by providing reliable statistical data. Meanwhile, the advanced and novel 
methods can cope with the traditional research in material science, because they allow 
for keeping all parameters constant, while varying just selected ones. The empirical 
discovery of superior and novel material compositions, which rely on large data sets 
holding a high confidence level, will contribute to the further understanding of working 
principle and recognition of activity pattern. Finally, the efficient finding of structure-
property relations and sensitivity/activity descriptors even in case of such complex oxide 
systems would enable the design of sensors and catalysts with tailored properties. 
 
                                            
 
 
* This subchapter is already content of Ref. 27 and 28. 
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2.4.1 High-throughput and combinatorial techniques 
The “multiple sample concept (MSC)” or rather the vision of HTE goes back to 1970 
enabling the simultaneous processing of “expensive and time-consuming” steps in an 
integrated material development workflow. [175] The workflow implements sample plates, 
which facilitate the parallel processing and easy handling of up to several dozen 
samples typically distinguished by a composition spread (gradient library of one single 
parameter). [176] Beside arrays of discrete materials generally featuring 8, 16, 24, 48 or 
96 separated microreactor vessels, microtiter plates etc. also substrates of variable 
composition providing continuous gradients are reasonable to locally address different 
material compositions by laboratory robots. Basically, two series of measurements with 
equal parameters on different positions of graduated substrates, i.e. composition or 
loading [177] and with variable parameters on homogeneous substrates [178] are 
reasonable. [179] Beside the consideration of single parameter both methods can be 
combined by using substrates graduated in one direction and measurements varied in 
another direction. [180] As a result the HTE, i.e. variation of single parameters, is quickly 
leading to extensive material libraries and, thus, accelerates the development process 
and knowledge discovery (KD) by a factor of about 10 to 100 along with combinatorial 
methods, i.e. variation of parameter selection. [17] 
The combinatorial approaches have helped to advance the conventional “empirical trial 
and error process” by intelligent combination of different materials or components of the 
synthesis workflow. [15] During the exploration stage, an expanded diverse parameter 
space is constituted by a discovery strategy to find novel or alternative materials, i.e. 
primary screening. Then, during the validation stage, the parameter space around the 
obtained hits is narrowed by an evaluation strategy to identify the best possible 
materials, i.e. secondary screening. At last, during the optimization stage, the selected 
materials are brought to commercial testing by a scale-up strategy, i.e. tertiary 
screening. This hierarchical development covering three distinct stages is starting from 
a very large number of materials in research and leading to a very small number in 
application in terms of the systematic variation of screening parameters and significant 
increase in data precision. [22] Thereby, intelligent library design and sophisticated 
screening strategies, as e.g. split and pool, hierarchical gradient, design of experiments 
(DoE), quantitative structure-activity relationship (QSAR), evolutionary algorithms and 
data mining, have been generated to minimize the experimental operating expense, but 
maximize the theoretical knowledge gain at the same time. [17,20] These increasingly 
demanding approaches are focused on (multidimensional) parameter optimization by 
descriptors, advanced statistics, artificial intelligence, as e.g. genetic algorithms (GA) 
and artificial neural networks (ANN), and last but not least by much experience. 
Encountered by the pharmaceutical and medical domain the almost exponential growth 
of scientific publications, industrial patents and pending applications [17] has led to an 
evolution from more qualitative, i.e. rapid yes/no answers, to more quantitative studies, 
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i.e. detailed catalytic screening, in the field of heterogeneous catalysis [22] since the 
1990s. [18] This fast development was substantially caused by the adaptation of 
applicable analytical techniques, i.e. infrared (IR) thermography for the monitoring of 
reaction heat as well as mass spectrometer (MS), gas chromatography (GC) and gas 
sensors for the detection of reaction products. Meanwhile, the HT and combinatorial 
methodologies are also widely employed by academia and industry in the field of 
electrochemistry for the enhanced research and development (R&D) of new functional 
materials. The particular electrochemical methods include electrocatalytic (as e.g. 
electrodes in fuels cell and batteries), thermoelectric (as e.g. devices for conversion of 
heat back into electricity), dielectric (as e.g. capacitors and radio-frequency devices in 
computers, telecommunication etc.), photoactive (as e.g. light-emitting diodes (LED), 
flat panel displays etc.), corrosion protective (as e.g. inhibitors of metal corrosion) and 
sensing materials (as e.g. gas sensors in all industrial sectors). [23] Thus, even the 
sensor sector has straight adapted and further developed preparation, screening and 
evaluation methods depending on the respective sensing material and principle. [21] With 
respect to chemiresistors the impedimetric characterization, which is also applied in 
material development including superconducting [181], dielectric [182], magneto-
resistive [183], photochemical active [184] and catalytically active materials [185,186], has 
already been proven as valuable tool in the search of novel gas sensing materials. [187] 
 
In general, the gas sensitivity of chemiresistors is based on their change in electrical 
resistance upon the (selective) reaction of reducing/oxidizing analytes with ionosorbed 
oxygen at the sensing surface. Thereby, depending on the depletion of surface near 
electrons the Debye-length in polycrystalline nanoparticles and Schottky barriers at 
intergrain contacts are altered, while the barrier heights determine the electrical 
conductivity along intergranular percolation paths through the sensing layer. 
Comparatively, the catalytic activity of oxidation catalysts relies on their supply of active 
lattice oxygen upon the (partial) oxidation of reducing reactants with the catalytic 
surface. Since the lattice oxygen serves as reaction agent, its incorporation into the 
product generates anion vacancies at the solid surface, which diffuse into the bulk of 
metal oxide. Besides, adequate amounts of electrons are also transferred between the 
reaction partners during the complex functionalization processes. 
In the following four chapters of the thesis both the change in mobile electrons and in 
lattice oxygen of sensor and catalyst materials will be monitored in situ by IS at the 
prevailing atmospheres and elevated temperatures of intended application. This non-
destructive characterization method will enable the investigation of electrical properties 
in the bulk volume and at intergrain contacts, which determine the respective reaction 
processes at the surface. Besides, the application of HTE during most workflow steps 
will serve as beneficial tool for the material screening under reproducible measuring 
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conditions and automated evaluation procedures. Hence, the established HTIS 
approach should lead to the finding of new structure-property relations and their 
correlated descriptors in case of chemiresistive sensors and, finally, the successful 
transfer of this approach to the group of oxidation catalysts should result in a new 
electrical characterization method for the best performing material in case of oxidation 
catalysts. 
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3 Experimental Methods * 
 
The electrical characterization of material properties was completely based on an 
approach primarily designed and established for the impedimetric characterization of 
semiconducting metal oxides as potential gas sensor materials. [24-26,29,30,45] For that 
purpose thick films of material are deposited on interdigital electrodes (IDE) and applied 
as resistive gas sensors, i.e. chemiresistors, via in situ impedance spectroscopy (IS). 
For the high-throughput (HT) screening of material samples multi-electrode substrates 
(MES; about 101.6x101.6x0.7 mm) equipped with 64 interdigital electrodes (IDE) and 
for the individual characterization sensor chips, i.e. single electrode substrates (SES; 
about 25.2x6.1x1.0 mm), with one pair of IDE are applied each. The MES [29,30,41] and 
SES [43,44] can be passively and actively heated up to maximum 650 °C by an external 
furnace at the back and an integrated meander, respectively. These substrates fit 
corresponding HTIS [38,45] and IS [43,44] working stations, which enable a broad material 
screening as well as individual close-to-reality measurements, while high-throughput 
experimentation (HTE) [19-21,23] accelerates all time-consuming steps of workflow 
cycle. [27,28] 
 
3.1 Impedance spectroscopy measurements 
For the consecutive electrical characterization of individual semiconducting metal oxides 
the established IS approach was applied by using compatible single electrode 
substrates (SES). [43,44] The approach enables in situ IS measurements of material thick 
films in terms of chemiresistors under the prevailing measuring conditions, i.e. testing 
atmospheres and working temperatures (cf. Chap. 5 and 7). 
Both kinds of applied SES, i.e. alumina chips of about 25.4x4.3x0.7 mm (cf. Chap. 5) 
and about 25.2x6.1x1.0 mm (Institut für Mikrotechnik Mainz GmbH, cf. Chap. 7), each 
feature a pair of interdigital electrodes (IDE) for layer deposition at the front side and an 
integrated meander for active local heating up to maximum 650 °C at the back side 
(Fig. 3.1). Concerning the latter SES the IDE structure consists of two interdigital 
                                            
 
 
* This chapter except of part 3.1.1 is already content of Ref. 27 and 28. 
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electrodes forming 6 parallel fingers and 11 parallel gaps of about 125 and 150 µm 
width, respectively, on an area of about 3.6x2.8 mm2. For reasons of precaution the 
heating meander is covered by a protection layer to avoid any reactions of test gases 
with its hot surfaces. The IDE and heating meander structure are made of screen 
printed platinum as well as the associated leads and pads for their electrical contacting 
at the other side of substrate. The SES is well-suited for simple thick film deposition and 
IS measurements of nanoparticular and polycrystalline materials. 
 
 
Figure 3.1: Scheme of SES: exploded view of components (left) and top view of 
(un)coated front and back (right). 
 
Generally, the (prepared) sample material was redispersed by grinding in a mortar and, 
then, deposited as material thick film on the IDE structure of SES by either a foil mask 
or Teflon reactor (Fig. 3.2, top). Preliminary, foil masks were used for the feasibility 
testing on the basis of handmade layers derived from viscous pastes. For this purpose 
the sample material was coated on the masked SES and its excess was removed by a 
grafter to give sample layers with about 75 µm thickness. Consecutively, Teflon reactors 
were applied for the comparative study on the basis of deposited layers derived from 
aqueous suspensions. Therefore, a single Teflon reactor was fixed on top of SES and 
sealed by O-rings in such a manner that a well was formed above the IDE as sample 
position (cf. Fig. 3.5). Then, the sample suspension was pipetted into the reactor well to 
yield a thick layer of about 7.8x3.5 mm area. In both cases the coated substrates were 
dried and calcined in a muffle furnace to evaporate the remaining solvent, remove 
organic residues and prevent sintering processes during the subsequent 
measurements. The resulting IDE chips fit into a corresponding IS working station. 
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Figure 3.2: Photographic workflow of sensing layer deposition via coating station: 
powder material (left), material suspension (middle), and sensing 
layer (thick film) on top of electrode structure (right). [adapted from 26] 
 
The IS working station is built up of a gas supply, measuring chamber and instrument 
equipment (Fig. 3.3), which enable close-to-reality measurements. Within this work the 
internal volume of measuring chamber, i.e. recipient (Fig. 3.3, middle), was minimized 
from about 30 or 44 cm3 to about 2.2 cm3 available for test gases to suppress the 
dilution of supplied test gases. The working temperature of SES was adjusted by the 
heating resistance of meander by a source meter (SourceMeter 2400, Keithley 
Instruments) with a maximum error of 3 K due to previous calibration. Thereto, the real 
temperature of layer surface was detected contactless through a 2 mm thick ZnSe 
window (Koth Kristalle GmbH) by a spectral pyrometer (KT 19.82, Heitronics GmbH). 
The testing atmospheres of recipient were composed by a four channel gas flow 
controller (MKS 647C, MKS Instruments) and connected mass flow controllers 
(MKS 1179A, MKS 1259C etc., all MKS Instruments). The measuring range extension 
consisting of combined impedance analyzer and dielectric interface (SI 1260 and 
SI 1296, both Solartron Group Ltd.) allowed for the electrical characterization even in 
case of very high resistive semiconductor films up to 100 TΩ (± 1 %). Finally, the 
recorded impedance spectra were fitted by a parallel RC (cf. Chap. 5) or two parallel 
RCPE circuit equivalents in series (cf. Chap. 7) to obtain discrete values each for the 
ohmic resistance RFit of material and geometric capacitance CFit of electrode, which 
were used for the calculation of respective sensor responses. 
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Figure 3.3: Scheme of IS working station: gas supply (left), measuring chamber 
(middle; lateral cut), and instrumental equipment (right). 
 
The basic principles of presented SES and IS working station have been transferred to 
a high-throughput screening workflow including automated material synthesis, layer 
preparation, impedimetric characterization and data evaluation. The single steps of 
(HT)IS workflow are discussed in full detail in the following. 
 
3.2 Sensor fabrication * 
Previously, the polyol-mediated synthesis has been adapted to the HTIS approach and, 
then, basically applied for the preparation of various spherical metal oxide nanoparticles 
(by a laboratory robot). The polyol method allows for an easy control of chemical 
composition on the molecular (precursor) level, low processing temperatures, and broad 
application to substrates of any size and shape. [188-193] Thus, this procedure overcomes 
some drawbacks of conventional solid-state reaction techniques, as e.g. formation of 
by-products and high calcination temperatures. Thereby, the term “polyol” stands for 
polyalcohols with high boiling temperatures providing sufficient solubility for inorganic 
salts or complexes. The polyalcohol acts like a chelating solvent, which widely 
suppresses the agglomeration of formed particles. Hence, this method allows for 
                                            
 
 
* This subchapter is already the content of Ref. 27 and 28. 
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preparing a wide range of high-purity binary, ternary and multinary oxides with high 
specific surface area and flexible volume doping.  
The workflow of polyol synthesis conducted in our research studies for the preparation 
of base and volume doped materials (cf. Chap. 5) is illustrated in Fig. 3.4, while a 
detailed description of standard reaction procedure is stated elsewhere. [42,193-196] In 
brief, in a typical experiment the precursors are dispersed in diethylene glycol in the 
adequate ratio of desired product and, then, the resulting mixture is heated up to T1 (80 
to 140 °C) under vigorous stirring until a clear solution is obtained. If necessary, a 
surplus of hydrolysis agent is added to cause the precipitation of product. The emerging 
suspension is heated up to T2 (160 to 190 °C) for several hours and, then, cooled to 
room temperature. Finally, the suspension is dried at T3 (< 80 °C) to obtain amorphous 
material and annealed at T4 (500 to 900 °C) for 2 to 12 h to yield crystalline material. 
For each individual synthesis the reaction parameters need to be optimized with respect 
to particle size, yield and purity. 
 
 
Figure 3.4: Schematic workflow of polyol-mediated synthesis for preparation of 
base and volume doped mixed metal oxides. 
 
Besides, three further series of metal oxide materials were studied as chemiresistive 
layers, which have been created each by other synthesis and preparation methods such 
as hydrothermal synthesis (cf. Chap. 4.2.1), spray drying of solution (cf. Chap. 6.2.1) 
and tenside assisted synthesis (cf. Chap. 7.2.1), and afterward, thermally treated by 
respective calcination procedures.  
Routinely, the initial characterization of metal oxides was conducted concerning the 
phase and structure by powder X-ray diffraction (XRD) on thin films in the transmission 
mode (cf. Chap. 5.2.3, 6.2.2 and 7.2.4). Generally, the “as synthesized” materials are 
amorphous right after synthesis and their calcination yields to nanocrystalline materials. 
The presence of broadened peaks compared to the bulk material indicate the formation 
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of nanometer sized crystallites after calcination, while the phenomenon of peak 
broadening has been previously reported for crystallites smaller than about 
5·10-5 cm. [197] This broadening of single or multiple peaks could be utilized to determine 
the crystallite size applying the Scherrer equation, although the crystallite size is not 
necessarily congruent to the particle size. [198,199] The surface morphology of materials 
including the particle size and microstructure is visualized by a field emission scanning 
electron microscope (FE-SEM). As the result of thermal treatment the micrographs of 
calcined samples typically reflect agglomerations of interconnected spherical particles, 
i.e. secondary particles, which form open porous networks. Such a surface morphology 
guarantees abundant interaction opportunities between the metal oxide surface and the 
surrounding gas atmosphere. The irregular packed agglomerates sometimes complicate 
the size estimation of primary particles, which are normally in good agreement with the 
crystallite sizes determined from XRD analysis. [246] 
Furthermore, supplementary analysis techniques were executed on demand to observe 
the elemental composition and distribution by energy dispersive X-ray spectroscopy 
(EDX; cf. Chap. 4.2.2, 6.2.2.1 and 7.2.4 et seqq. each) and energy-filtered transmission 
electron microscopy (EFTEM), the crystallinity of annealed materials in terms of the 
lattice plane distance by high resolution transmission electron microscopy (HRTEM; cf. 
Chap. 7.2.4), the mass change depending on temperature and time by 
thermogravimetric analysis (TGA; cf. Chap. 4.2.2), the crystallographic near-range order 
and local environment by extended X-ray absorption fine-structure (EXAFS; cf. 
Chap. 5.2.3.2), the high surface area (HSA) of materials by Brunauer, Emmett and 
Teller (BET; cf. Chap. 4.3 and 7.2.4), the quality of thick film coatings by optical light 
microscopy (OLM; cf. Chap 6.2.2.1) etc. 
For the preparation of material layers (cf. Fig. 3.2 bottom) the calcined powder materials 
were redispersed by mixing in a mortar (or ball mill) together with an aqueous solution 
of poly(iminoethylene) (PEI). The obtained suspensions are instantly deposited as thick 
film on top of an electrode structure by using a coating station (Fig. 3.5) [25,196]. The 
coating station consists of a Teflon block equipped with an 8x8 array of holes, which are 
sealed by an O-ring fitting against the electrode substrate, forming 64 wells each with a 
volume of 214 µL. The base and top plate keep the configuration together, whereby a 
rubber mat evenly distributes the pressure from the four screws on the embedded 
MES [29,30,45]. For the coating of an entire MES multiple the respective suspensions are 
pipetted into the 64 wells of the coating station in such a way that each material is 
statistically applied several times. Finally, the coated substrate plates are dried in a 
laboratory oven and calcined in a muffle furnace to give the deposited layers. The polyol 
method and station design are well-suited for efficient and automated preparation and 
coating through a laboratory pipetting robot. [25] 
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Figure 3.5: Photography of coating station as single parts (top; top view) [adapted 
from 196], and scheme of ready to use device (bottom; lateral cut) [adapted 
from 25]. 
 
3.3 High-throughput set-up 
For the rapid impedimetric screening screen-printed platinum leads form an 8x8 array of 
64 interdigital electrodes (IDE; Fig. 3.6 right) on an alumina substrate plate of about 
101.6 mm side length and about 0.7 mm height (Micro-Hybrid Electronic GmbH). Every 
IDE consists of two interdigital electrodes each ending in six parallel fingers of about 
160 µm width and creating gaps of about 120 µm width (Fig. 3.6 top left). Since the IDE 
covers an area of about 2.5x3.0 mm, the layer position or well has a diameter of about 
5.0 mm. The MES is capable for both resistive and capacitive measurements, while the 
corresponding circuit equivalent (Fig. 3.6 bottom left) is needed to describe the 
individual electrical properties of different IDE on a single MES. [29,30,40,45] 
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Figure 3.6: Scheme and photography of (un)coated MES highlighting well 34 
(right), scheme of single IDE in detail (top left) and scheme of 
corresponding equivalent circuit (bottom left). [adapted from 29,40] 
 
The HTIS working station consisting of gas supply, measuring station and instrumental 
equipment (Fig. 3.7) enables the parallel processing of most time consuming process 
steps like heating up or sample conditioning. The gas supply of HTIS working station 
(Fig. 3.7 left) is basically the same as in case of IS station (cf. Chap. 3.1), but provides 
test atmospheres of up to eight admixed gases due to a multichannel gas flow controller 
(MKS 647B, MKS Instruments). The required working temperature is adjusted by a 
furnace, which reversibly embeds the measuring head (Fig. 3.7 middle), and its 
connected temperature controller. The instrumentation (Fig. 3.7 right) is capable of two-
probe conductivity measurements by addressing every MES positions by two identical 
relay matrices (KRE-2450-TFCU multiplexers, MTS-Systemtechnik). The 
measurements could either be conducted in the AC-mode by an impedance analyzer 
(Agilent 4192 A, Agilent Technologies; 5 to 1.3·106 Hz and 0.1 mΩ to 1.299 MΩ) or the 
DC-mode by a source meter (Keithley 2400, Keithley Instruments Inc.; 0.2 to 200 V, 
1·10-6 to 1 A and 2·10-4 to 200 MΩ). 
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Figure 3.7: Scheme of HTIS working station: gas supply (left), measuring station 
(middle), and instrumental equipment (right), while just two measuring 
lines are exemplified, i.e. well 11. 
 
For the electrical characterization the coated sample plate is inserted into the measuring 
head (Fig. 3.8 bottom), whereby the leads to each IDE are electrically connected via 
Al2O3 covered platinum wires in the measuring head. Spring loaded contact tips ensure 
constant pressure to connect all IDE via high frequency capable relay matrices 
(multiplexers) to the measuring instruments. The composition of test gases is managed 
via gas flow controllers and could be humidified by bubbling the carrier gas through a 
water reservoir at defined temperature. A gas distributor with T-tree geometry [200] 
(Fig. 3.8 top) equally splits the incoming gas stream and provides an equal gas flow to 
the individual head spaces of each sample position [25,196]. [45] 
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Figure 3.8: Scheme of HTIS measuring head and furnace: gas distributor with 
stream splitting by binary tree (top; top view; one path of gas flow is 
exemplified by dotted arrow) and individual gassing of IDE positions 
on embedded MES (bottom; lateral cut) [adapted from 25,196]. 
 
3.4 High-throughput screening 
The experiments related to material screenings are typically carried out within an 
intended temperature range in equidistant steps of e.g. 50 °C to approach the best 
working temperature of respective material setting (cf. Chap. 4.2.4., 5.2.1.1, 7.2.5 et 
seqq. each). Starting at the highest temperature avoids material sintering and aging 
during the subsequent electrical measurements in case of freshly prepared MES. Prior 
to the IS measurement a preliminary gassing of samples with reference gas is 
conducted for e.g. 240 and 90 min at the first and every subsequent temperature to 
achieve sample environment equilibrium. For the screening of sensitivity and selectivity 
a standardized gas sequence consisting of alternating reference gas and analyte 
atmospheres with different concentrations is applied with a constant gas flow of 
100 sccm. Thereby, all measurements under test gas are followed by a measurement 
under reference atmosphere to investigate the reversibility of material response. At 
each temperature and gas atmosphere the impedimetric characterization is typically 
carried out in a frequency range between 10 and 107 Hz with 15 measuring points per 
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frequency decade and an amplitude of 0.1 Vrms. The electrical screening of all 64 MES 
positions requires about 25 min at a particular temperature and atmosphere. 
 
3.5 Data evaluation and visualization 
The raw data of every range measurement is illustratable in terms of an impedance plot 
in the complex plane, i.e. Argand diagram, by plotting the real part Z’ versus the 
imaginary part Z’’ of Z* as schematically exemplified in (Fig. 3.9 left). For the evaluation 
of impedance spectra the massive quantity of measuring data was automatically fitted 
by adapting impedance functions to reduce a complete data set to just one value each 
for RFit and CFit. Hence, RFit reflects the extrapolation to the real axis at low frequencies 
referring to the ohmic resistance of sample material, whereas CFit is the radian measure 
at frequency of relaxation ωRelax representing the geometric capacitance of electrode 
structure. The automated curve fitting can use corresponding circuit equivalents, i.e. 
resistor (R), capacitor (C), inductance (I) and constant phase elements (CPE) as well as 
their various arrangements. In case of gas sensor and heterogeneous catalyst materials 
the application of one parallel RC element (Fig. 3.9 left, cf. Chap. 4 and 5) and two 
parallel RCPE elements (cf. Chap. 6 and 7) in series was adequate to describe the 
electrical properties by RFit and CFit , respectively. Since the obtained RFit value under 
the prevailing measuring conditions describes the electrical material properties due to 
the initial or reference state a change in resistance under test gas atmosphere is 
appropriate for the sensitivity toward that analyte.  
 
 
Figure 3.9:  Schematic Argand plot of electrical impedance in terms of measuring 
points and data fit (left) as well as corresponding circuit equivalent of 
parallel RC element (right). [adapted from 45,196] 
 
The material sensitivity toward an analyte can be expressed by the relative sensor 
response (RSR, Eq. 3.1 and 3.2), wherein RRG and RTG stand for the resistance fit 
concerning the pristine reference and specific analyte atmosphere, respectively: 
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R
 (3.2) 
Since decreasing and increasing resistances lead to positive and negative values 
ranging from 0 to 1 or 0 to -1 for RSR, respectively, the mentioned equations including 
algebraic signs enable the immediate discrimination between oxidizing and reducing 
gases or n-type and p-type semiconductors, respectively.  
For a user friendly identification of materials with the best sensor performances the 
RSR, i.e. calculated changes in resistance, were translated into a multicolor code 
depending on the direction and extent of particular change (cf. Eq. 3.1 and 3.2). For a 
MES the resistance changes were visualized as color dots by means of Trellis plots 
(Fig. 3.10 left), whereby dark red to light yellow dots or dark blue to light blue dots 
indicate a decrease or increase of resistance compared to the pristine state, 
respectively, while a constant resistance is reflected by a black dot. Additionally, the dot 
diameter scales reciprocal with the validation of measurement resulting either from the 
scattering of data or the exceeding of measurement limits. An overview of complete 
screening without the pristine state is visualized by multiple 8x8 dot arrays each 
representing the MES at a distinct temperature and test atmosphere Hence, one square 
matrix illustrates the sensor responses of 64 MES positions at a distinct working 
temperature and testing atmosphere and, thus, reflects the resistance changes toward 
the initial reference state. Further investigations of a discrete material were achieved by 
plotting the changes in RSR of wells by means of bar diagrams or fingerprints (Fig. 3.10 
right) concerning the total sequence of testing atmospheres at a single temperature. 
Thus, the fingerprints of a MES permit the identification of material patterns due to their 
statistical distribution as well as the comparison of sensor properties due to the diversity 
of substrate. Depending on an ascending validation of sensor response the respective 
bar is either not plotted, printed in grey or black comparable to the dot diameter of 
Trellis plot. Both kinds of visualization enable a rapid identification of the sensor 
materials with the best gas sensing performances, while the quantity of recorded 
information concerning the CoTiO3 material library was collected in a flexible data base, 
which is used for statistical evaluation and interrogation. [38] 
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Figure 3.10: Scheme of data visualization: transformation of RSR into Trellis plot 
detail (color code, left) and fingerprint detail (bar diagram, right). 
 
However, the sensitivity can also be expressed by the absolute sensor response (ASR, 
Eq. 3.3 and 3.4) more commonly used in literature, which naturally leads to higher 
values: 
RG
RG TG
TG
ASR = + >R R R
R
   (3.3) 
TG
RG TG
RG
ASR = + <R R R
R
   (3.4) 
Please note that the values of RFit, RSR and ASR are all leading to differently weighted 
terms of material sensitivity at the particular measuring conditions. 
The large amount of individual information recorded throughout all workflow steps was 
collected in a data base, which can be used for statistical interrogation of quality factors 
as well as for data mining. The nontrivial data interpretation via statistical analyses 
leads to a further KD, which enables the mapping of composition-structure-property 
relationships, a process which has first been published in 1999 for the catalytic activity 
toward the oxidative dehydrogenation of ethane and its dependence on the chemical 
composition of doped Mo-V-Nb-oxides. [201] 
The presented HTE system has already been proven as a valuable tool for the rapid 
electrical characterization of semiconducting materials and established in the search for 
novel and improved materials, [24-26] since the MES and HTIS allow for equal 
preparation and screening conditions. With respect to commercial applications the 
significantly better explored parameter space with a high level of detail aims the 
understanding of correlations between composition, microstructure and performance 
and, thus, leads to a faster time to market. In the following the KD is demonstrated by 
selected examples illustrating the effect of nanoparticle size and volume dopants on the 
sensor behavior as well as the effect of calcinations temperature and chemical 
composition on the catalyst performance (cf. Chap. 4 o 7). In the future, the enhanced 
knowledge will help to draw conclusions about the sensing mechanism in a qualitative 
and quantitative way, which is actually of much academic interest and studied by novel 
in situ and operando spectroscopic methods. [2,55,202,203] 
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4 Size Dependent Gas Sensing 
Properties of Spinel Iron Oxide 
Nanoparticles * 
 
4.1 Introduction 
Due to the ever increasing standard of living and environmental regulations the 
worldwide sensor technology market is constantly expanding and, thus, meanwhile 
related to nearly all areas of everybody’s life. Nowadays, the application of gas sensors 
has become indispensable in the private as well as the industrial sector, as e.g. food 
industry, medical care and emission controlling. A special field of application is the 
monitoring of reducing gases in oxygen free atmospheres, as e.g. inert gas techniques, 
which are required for e.g. biotechnology, fermentation processes or metal processing 
at elevated temperature. 
Solid state gas sensors, among which chemiresistors are the most extensively applied 
type, enable immediate in situ and real time measurements at various locations and 
conditions. [3,4,6,204] The chemiresistors typically base on semiconducting metal oxides of 
sufficient thermal and chemical stability even under harsh conditions. Due to the 
material history the most frequently applied and published metal oxides are in 
decreasing order of frequency: SnO2, ZnO, TiO2, WO3, In2O3, Nb2O5, Ga2O3 and Fe2O3 
besides ternary metal oxides and mixtures of metal oxides. [2,62,66,205] Regarding the 
binary n-type semiconducting Fe2O3 the most stable corundum-type α modification, i.e. 
hematite, [206,207] as well as the cubic-type γ modification, i.e. maghemite, [208] are 
commonly used as gas sensor materials in contrast to the metastable β-Fe2O3. In 
previous studies the p-type semiconducting perovskites LnMeO3 (Ln = lanthanide series 
and Me = Cr and Fe) exhibited high sensitivity toward C2H5OH and C3H6 at high 
temperatures. [39,40] Different publications identified the spinel ferrite family MeFe2O4 
(Me = Cd, Ni, Mg, Cu and Zn) as well to be sensitive toward both reducing and oxidizing 
                                            
 
 
* This chapter is already content of Ref. 51. 
Chapter 4 
 
62 
gases, as e.g. C2H5OH, liquid petrol gas (LPG), CH3COCH3, CO, H2, CH4 and 
N2O). [209-212] 
In contrast to the iron oxides mentioned above the cubic-type Fe3O4, i.e. magnetite, has 
rarely been reported as resistive gas sensor until now. Fe3O4 exhibits an inverse spinel 
structure with iron cations in both the valence states Fe2+ and Fe3+. The structure is 
symbolized by [Fe3+]A[Fe2+Fe3+]BO4, in which the tetrahedral sites are occupied by Fe3+ 
ions and the octahedral sites by equal numbers of Fe2+ and Fe3+ ions. Due to their 
outstanding magnetic properties, Fe3O4 nanoparticles are synthesized via many 
different methods [213-215] and widely used in magnetic storage devices, ferrofluids, 
sensors, spintronics, separation processes and biomedicine. [216] 
For potential gas sensing application one approach combines Fe3O4 nanoparticles with 
conductive polymers as for example polypyrrole (PPY) or polyaniline (PANI) to yield 
organic-inorganic hybrid (nano)composites. [217] Composites of various Fe3O4 particles 
and mainly lower PPY contents between 0 and 50% were reported as humidity and gas 
sensors, as e.g. toward N2, O2, CH4, CO2, and NH3. [218-220] Another approach enhances 
the gas permeability of sensing material by using anisotropic nanostructures. Resistive 
measurements on single-crystalline (Mn-doped) Fe3O4 nanowire arrays as network films 
exhibited a reversible change in (surface) p-type conductivity toward various gases, as 
e.g. H2O, C2H5OH, N2O, NH3, H2S and NO2, at room temperature. For non-hydrogen-
bonding di/triatomic gas molecules the found sensitivities correlate with the respective 
bond strength and were significantly enhanced by the Mn-doping most toward H2O and 
C2H5OH. [221] Furthermore, Fe3O4 “nanoroses” synthesized by a microwave-assisted 
approach in the presence of a block copolymer were reported to show enhanced 
sensitivity and reversibly toward C2H5OH at room temperature attributed to the porous 
superstructure and small grain size. [222] 
Since these iron oxides are reported to be sensitive toward mainly reducing analyte 
gases, the pristine nanoparticulate Fe3O4 might be a potential gas sensor material 
toward NH3. Due to the low oxidation stability of Fe3O4 the application is restricted to 
oxygen and humidity free atmospheres even at elevated temperature as required in the 
field of metal processing and fermentation processes. Nowadays, NH3 sensors are 
industrially applied in selective catalytic reduction (SCR) reactions of automobiles and 
coal power plants. Restricted to the harsh prevailing conditions thick films of H-form 
zeolites and metal oxides are mainly used by different sensor concepts. [223-226] Due to 
the obvious lack of studies on the gas sensing properties of Fe3O4 the reported NH3 
sensing properties make Fe3O4 to a potential candidate for applications under oxygen 
free conditions at higher temperatures. 
In this study the NH3 sensing properties of different sized Fe3-xO4 nanoparticles, i.e. 12 
to 60 nm, were systematically investigated by means of impedance spectroscopy (IS). 
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In addition to the sensor response toward NH3, the selectivity, i.e. cross sensitivity 
toward other reducing analyte gases, i.e. CH4, NO and H2, and the recovery behavior 
were in the main focus by varying the operation temperature in the range between 50 
and 300 °C. The application of multielectrode substrates (MES) enabled comparable 
measurements under equal conditions. Thus, the influence of incremental mean particle 
size on the sensor response toward NH3 and the selectivity could be determined to 
reveal the best sensor material and working temperature. 
 
4.2 Experimental Details 
The synthesis and preparation of nanoparticles (NP) has been performed by the 
cooperation partners around G. Pourroy in the Institute of Physics and Material 
Chemistry at the University of Strasbourg. All syntheses were performed in degassed 
aqueous solutions in absence of any oxygen. Therefore, argon was bubbled through 
distilled water as solvent for half an hour and also used as protecting gas throughout the 
hydrothermal synthesis to prevent the oxidation of Fe2+ in the system. For thick film 
deposition the used solvents were degassed by dry nitrogen as mentioned above. All 
processes at elevated temperature, as e.g. drying and calcination of thick films as well 
as IS measurements, were also performed under dry nitrogen due to the humidity and 
oxygen sensitivity of nanoparticulate samples. All applied chemicals and gases were 
used in the supplied quality without further purification, if no specific note is given to the 
contrary. 
 
4.2.1 Synthesis of spinel iron oxide nanoparticles 
For the nanoparticle synthesis via hydrothermal method, which is already described in 
detail elsewhere, [227,228] aqueous solutions of the precursors, e.g. 1 M ferric chloride 
hexahydrate (FeCl3) and 2 M ferrous chloride tetrahydrate (FeCl2), were prepared by 
dissolving the corresponding iron salts (FeCl3·6 H2O, Acros Organics or FeCl2·4 H2O, 
Riedel de Häen) in 2 M solutions of hydrochloric acid (HCl; minimum 37%; Riedel de 
Häen). In a typical experimental procedure 10 mL of 1 M FeCl3 solution were mixed with 
2.5 mL of 2 M FeCl2 solution. Then, the stoichiometric mixture was heated up to 70 °C 
under mechanical stirring, followed by the slow addition of different bases at a rate of 
0.7 mL/min. Three organic bases, i.e. tetramethylammonium hydroxide ((N(CH3)4OH; 
Riedel de Häen), tetraethylammonium hydroxide ((N(C2H5)4OH; Fluka) and 
tetrapropylammonium hydroxide ((N(C3H7)4OH, Fluka), were used as hydrolysis agents 
to obtain different particle sizes in the range of 30 to 60 nm, 20 to 30 nm and 10 to 
15 nm, respectively. Vigorous stirring was continued for 20 min, while the solution color 
changed from orange to black with ongoing precipitation. Then, the mixture was 
dropped into the Teflon-lined stainless autoclave under argon, put in an oven at 250°C 
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for 24 h and slowly cooled down to room temperature. Afterwards the product was 
isolated by applying a permanent magnetic field so that it was possible to discard the 
supernatant by decantation. Next, water was added to wash the precipitates and this 
procedure was repeated three to four times to remove an excess of ions and 
ammonium salt in the suspension. Finally, the precipitated powder was dried using a 
freeze dryer. The samples are labelled as S 4.1 to S 4.10 according to their increasing 
particle size (Tab. 4.1). 
 
Table 4.1: Particle sizes of nanoparticulate iron oxides prepared via 
hydrothermal synthesis. 
Sample 
material 
Particle 
diameter 
[nm] 
S 4.1 12 (3) 
S 4.2 15 (3) 
S 4.3 18 (4) 
S 4.4 20 (3) 
S 4.5 23 (4) 
S 4.6 25 (4) 
S 4.7 30 (4) 
S 4.8 30 (5) 
S 4.9 40 (5) 
S 4.10 60 (10) 
 
4.2.2 Structural and morphological characterization 
The initial material characterization of structure and phase was carried out by powder X-
ray diffraction (XRD) using a Bruker D8 Advance diffractometer equipped with a SOLX 
detector, which discriminates the energy of diffracted beam, and CuKα radiation 
(λ = 1.54059 Å). The corresponding lattice parameters a0 were calculated from the 
obtained XRD patterns using UFIT Software and Powder Cell Software. The average 
crystallite sizes were estimated using the Scherrer equation (Eq. 4.1), whereas θ means 
the diffraction angle, λ the wavelength and L the crystallite dimension, and both the 
(220) and the (311) reflections of diffractograms: 
0
0.9 (2 )
cos 
λ∆ Θ = Θ
 
L 
   (4.1) 
The surface morphology and particle sizes of powders were observed by scanning 
electron microscopy (SEM) using a JEOL electron microscope 6700 equipped with an 
energy dispersive X-ray (EDX) analysis unit. The thermal properties, i.e. change of 
mass depending on temperature and time, were investigated by thermogravimetric 
Chapter 4 
 
65
analysis (TGA) in platinum crucibles using a thermobalance (TA Instruments) with a 
heating rate of 5 °C/min in air to investigate the thermal properties of samples. 
 
4.2.3 Preparation of thick films 
For thick film deposition on IDE a thick film reactor (cf. Fig. 3.5) [25,196] was fixed on top 
of a MES plate (cf. Fig. 3.6) [29,30,41,45] to form wells at each position of electrode array. A 
suspension consisting of 0.025 g grinded oxide powder, 0.25 mL polyethyleneimine 
(PEI) solution, i.e. 0.5 wt% in H2O, and 1.75 mL ethanol was prepared for each sample 
material. First 50 µL of ethanol and, then, 48 µL of suspension were deposited in the 
wells by means of an Eppendorf pipette, respectively. In order to minimize deviations 
caused by a possible gas diffusion or temperature gradient inside the HTIS oven, a 
statistical distribution of four or eight identical sample materials onto a MES was 
accomplished for the first and second screening, respectively. The substrate was dried 
over night at 40 °C in a laboratory oven (Vacutherm VT GO25, Heraeus Instruments) to 
permit the sedimentation of the particles and the evaporation of solvent. Finally, the 
dried substrate plates were calcined in the HTIS furnace at 350 °C for about 18 and 
15 h, respectively, in order to remove organic residues, to improve the coating’s stability 
and to avoid sintering processes during the electrical measurements. During this period 
the electrical impedance of all samples were monitored via single frequency 
measurements, i.e. 100 Hz with a measuring voltage of 500 mV.  
 
4.2.4 Gas sensing characterization  
The application of HTIS approach (cf. Fig 3.7) [29,30,45] for material screening has 
accelerated all time-consuming steps of workflow cycle by a high degree of 
automatization and parallelization. [27,28] Starting with the highest temperature the 
measurements were carried out between 300 and 500 °C in 50 °C steps to identify the 
best working temperature of sensor materials. At each temperature a conditioning of 
samples was performed for 90 min under reference gassing except of the highest 
temperature, at which the reference gas flow was extended to 240 min before the first 
measurement. Alternating measurements under test and reference gassing, 
respectively, were performed with a constant volume flow of 100 sccm to examine the 
sensor response and the recovery behavior of sensor samples. Before each 
measurement a preliminary gas flow was applied for at least 30 min to reach sample-
environment equilibrium. The measuring sequence of certified test gases was 500 ppm 
CH4, 10 ppm NO, 500 ppm H2 and 100 ppm NH3 with a balance of dry N2, except of H2, 
which was only available in dry argon. The electrical impedance Z* was measured in the 
frequency domain (0.1 Vrms amplitude, 10 to 107 Hz frequency and 15 measuring points 
per decade).  
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4.3 Results and Discussion 
Ten different iron oxide powders, i.e. samples S 4.1 to S 4.10 (cf. Tab. 4.2), with 
different mean particle diameters from about 12 to 60 nm have been prepared via 
hydrothermal synthesis. 
 
4.3.1 Structure and morphology of powders 
The XRD patterns of samples exhibit the diffraction lines of inverse spinel structure of 
magnetite or maghemite as indexed exemplarily in case of sample S 4.10 (60 nm) in 
Fig. 4.1 bottom. The broadening of diffraction peaks in case of the two other samples 
S 4.7 (30 nm) and S 4.3 (18 nm) corresponds to their decreased mean particle sizes 
(Fig. 4.1 middle and top). The average crystallite sizes of samples have been estimated 
applying the Scherrer formula (cf. Eq. 4.1) to the (311) reflection (cf. Tab. 4.2). The 
resulting lattice parameters are between the one of magnetite, i.e. Fe3O4: 
a = 0.8396 nm (Joint Committee on Powder Diffraction Standards (JCPDS) file 19-629), 
and the one of maghemite, i.e. γ-Fe2O3: a = 0.83495 nm (JCPDS file 39-1346), but 
closer to the one of magnetite in case of mean particle sizes bigger than 25 nm, i.e. 
S 4.8, S 4.9 and S 4.10. The lattice parameter decreases as the size decreases and 
reaches 0.8370 (4) nm, when the particle sizes are below 15 nm showing that the 
quantity of Fe+3 is higher. 
 
 
Figure 4.1: XRD patterns of iron oxides S 4.3 (18 nm), S 4.7 (30 nm) and 
S 4.10 (60 nm) indexed in spinel phase (diffraction lines labeled by 
hkl Miller indices according to spinel structure of magnetite (JCPDS 
19-629)). 
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Table 4.2: Lattice parameters of nanoparticulate iron oxides. 
Sample 
material 
Particle 
diameter 
[nm] 
Lattice 
parameter 
[nm] 
S 4.1 12 (3) 0.8370 (4) 
S 4.2 15 (3) 0.8387 (5) 
S 4.3 18 (4) 0.8375 (5) 
S 4.4 20 (3) 0.8386 (6) 
S 4.5 23 (4) 0.8387 (6) 
S 4.6 25 (4) 0.8380 (7) 
S 4.7 30 (4) 0.8385 (5) 
S 4.8 30 (5) 0.8390 (3) 
S 4.9 40 (5) 0.8395 (4) 
S 4.10 60 (10) 0.8391 (5) 
 
The TGA analyses performed in air lead to the same conclusions (Fig. 4.2), i.e. weight 
increase above 100°C is observed for all the samples. This weight increase is caused 
by the oxidation of Fe2+ into Fe3+ and is especially higher, since the particles are bigger. 
A weight decrease corresponding to a loss of water is superimposed between room 
temperature and 300°C. 
 
 
Figure 4.2: TGA curves of iron oxides S 4.1, S 4.2, S 4.4, S 4.6, S 4.7 and S 4.9 
(12 to 40 nm) recorded in air. 
 
The composition and the structure of such iron oxide nanoparticles have previously 
been studied in the group of cooperation partner by applying XRD (Scherrer formula), 
Brunauer, Emmett and Teller (BET), transmission electron microscopy (TEM) and 
further analytic methods. Hence, the nanoparticles were described by a core-shell 
model, i.e. magnetite core surrounded by oxidized layer close to maghemite, when their 
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sizes exceed 20 nm. [225,228] The layer is about 1.5 nm thin and has a composition close 
to maghemite γ-Fe2O3. Since the lattice parameter is a mean value of both the core and 
the oxidized layer, a slight shift is observed. The fractional volume of maghemite 
increases as the particle size decreases, so that these nanoparticles are non-
stoichiometric in their whole volume. [227,228] 
The SEM micrographs of synthesized powders S 4.1 (12 nm), S 4.4 (20 nm), S 4.8 
(30 nm) and S 4.10 (60 nm) exemplified in Fig. 4.3 top left to bottom right visualize the 
microstructure. Typically, all micrographs showed interconnected spherical particles 
forming open porous networks, which guarantee good interaction between the particle 
surface and the surrounding gas atmosphere. The size estimations of particles by SEM 
are in good agreement with the crystallite sizes calculated from the XRD patterns. 
 
 
Figure 4.3: SEM micrographs of iron oxides S 4.1 (12 nm; top left), S 4.4 (20 nm; 
top right), S 4.8 (30 nm; bottom left) and S 4.10 (60 nm; bottom right). 
 
The optical observation of thick by naked eye films revealed a change in color indicating 
a potential oxidation process after the impedometric measurements. The color changes 
from black to dark red and from black to dark brown for the smaller and bigger 
nanoparticles, respectively. Previous studies reported a color change from black to red 
brown under air at 300 °C, but no oxidation process was reported in inert atmospheres 
up to 650 °C. [229] Further XRD analyses (Fig. 4.4 top) compared to the ICSD (Inorganic 
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Crystal Structure Database) confirmed that the starting materials are pure phases of 
spinel iron oxide close to Fe3O4. After repeating the calcination and measurement 
conditions and periods, the resulting materials exhibited a higher crystallinity and the 
diffraction pattern presents hematite α-Fe2O3 peaks (Fig. 4.4 bottom). This hematite 
layer might explain the high sample resistance, which affects the smaller particles much 
more, due to their bigger surface-to-bulk ratio. As described previously, the 
nanoparticles have an oxidized core close to maghemite, which transforms into 
hematite by annealing at 300°C. [230] Furthermore, small quantities of water or organic 
residues adsorbed on the nanoparticles surface might contribute to a further oxidation. 
 
 
Figure 4.4: XRD patterns of iron oxide S 4.9 (40 nm) before (top) and after test 
(bottom; hematite diffraction peaks are represented by bars, whereas 
unfavorable signal to noise ratio is due to low quantity of powder). 
 
4.3.2 Gas Sensing properties 
At the end of calcination phase at 350 °C the thick films exhibited resistances in the 
range of 0.5 to 8.5 MΩ with good reproducibility for equally coated positions. The single 
frequency measurements confirm the tendency that the bigger the particles the lower 
the final resistance and drift are. This electrical behavior indicates a slight oxidation of 
the nanoparticles surface. For a first screening the Fe3-xO4 samples S 4.1 to S 4.10 (cf. 
Tab. 4.3) have been statistically deposited four times each on a MES. The Argand 
diagrams showed a decreasing diameter of semicircles and related ohmic resistances 
with an increasing temperature as expected for semiconductors reflecting a thermally 
activated conductivity. Thereby, the electrical measurements exhibited an increasing 
validation of fitting data by an increasing temperature due to a better signal to noise 
ratio. Generally in this work, the fitting with a single parallel RC element was found to be 
sufficient to describe the electrical properties of semicircular spectra (Fig. 4.5). 
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Table 4.3: Nanoparticulate iron oxides tested during first and second screening. 
Sample 
material 
Particle 
diameter 
[nm] 
First 
screening 
Second 
screening 
S 4.1 12 (3) nm X  
S 4.2 15 (3) nm X X 
S 4.3 18 (4) nm X  
S 4.4 20 (3) nm X  
S 4.5 23 (4) nm X X 
S 4.6 25 (4) nm X X 
S 4.7 30 (4) nm X  
S 4.8 30 (5) nm X X 
S 4.9 40 (5) nm X X 
S 4.10 60 (10) nm X  
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Figure 4.5: Argand plots of second screening by gassing with 500 ppm NH3 in N2 
at 250°C (some data are not displayed due to scaling by 5 MΩ). 
 
The recorded IS data of first screening are visualized as Trellis Plot (Fig. 4.6), which 
represents the evaluated RSR of 64 samples on the MES in the sequence of eight 
alternating test and reference gases at the six temperatures, respectively. The Trellis 
plot revealed no significant sensitivity of materials toward any test gas below 150 °C 
and also not toward CH4 at any temperature. In contrast, a high sensor response was 
found toward NH3 at elevated temperature of 200 to 300 °C and, further, a weak sensor 
response toward H2 and NO at 250 to 300 °C and 150 to 200 °C, respectively. At lower 
temperatures the samples exhibited a poor reversibility, i.e. RSR under reference gas, 
toward the detected analyte gases on the time scale of the experiments. Especially the 
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sensor response toward NO causes a strong interaction between test gas and sensor 
material, which influenced also the subsequent measurements. This might explain the 
different behavior under H2 gassing, i.e. increase and decrease of resistance below 
200 °C and above 250 °C, respectively. But the reversibility improved with increasing 
temperature so that a good reversibility was found for H2 and NO at 250 to 300 °C. 
 
 
Figure 4.6: Trellis plot of first screening illustrates RSR toward alternating test 
and reference gases between 300 and 50 °C. 
 
After these preliminary results further measurements were performed in order to 
enhance the reproducibility and validation of obtained data. Thus, the preparation of 
thick film deposition and the operation of MES at elevated temperature were developed 
further to achieve positive impact on the coating stability and the IS data. For the 
second screening five samples were selected concerning their particle size, sensing 
performance and absence of other phases. The selected samples S 4.2, S 4.5, S 4.6, 
S 4.8 and S 4.9 in the size range of 15 to 40 nm (cf. Tab. 4.3) were deposited eight 
times each on a MES in order to increases the statistical confidence. The calcination 
was repeated and showed comparable results to the first MES, i.e. about 0.2 to 5 MΩ, 
even though the resistances and drifts were lower indicating a lower oxidation rate. The 
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gas sensing tests were repeated under the same conditions at elevated temperature 
from 300 to 150 °C, at which sensor responses had been observed in the previous 
experiments.  
Generally, the Trellis plot (Fig. 4.7) confirms the very high RSR of magnetite toward NH3 
and the pronounced RSR toward H2 at the highest temperatures, i.e. 300 to 250 °C, 
with a very good reversibility after H2 exposure. Furthermore, a RSR toward NO was 
observed at 200 °C, however, with an obvious effect on the subsequent measurements 
due to a poor reversibility on the timescale of the experiments. Possibly, the interaction 
of NO with the sensor surface results in the formation of secondary phases, as e.g. 
nitrites or nitrates, which are strongly bound to the surface. This effect probably causes 
the increase and the lower decrease in resistance under H2 and NH3 gassing at 200 °C 
compared to the higher temperatures, respectively. But there is no explanation so far for 
the slight sensor response toward N2 after CH4 gassing at 250 °C, which was not 
observed in the first screening or after any other test gas. 
 
 
Figure 4.7: Trellis plot of second screening illustrates RSR toward alternating test 
and reference gases between 300 and 150 °C. 
 
In most instances the fingerprints (Fig. 4.8) display a very good reproducibility regarding 
the statistical distribution of equally coated positions. Slight differences in the patterns 
are caused by variations in the microstructure due to the layer preparation. Generally, 
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the conclusions drawn from the Trellis plot are confirmed by the fingerprints. The low 
cross sensitivities toward NO and H2 at 250 °C makes the Fe3-xO4 samples a promising 
NH3 sensing material under oxygen free and reducing conditions. 
 
 
Figure 4.8: Different fingerprints of second screening illustrate sensor responses 
of all positions equally coated with sample S 4.2 (above) and S 4.8 
(below) at 300 °C.  
 
The second screening with eight equally coated positions per sample material enables a 
better comparison of the influence of particle size on the sensor performance due to the 
enhanced quantity of obtained data. Generally, the smaller particles exhibit a higher 
sensor response toward NH3 and H2 at 250 °C and 300 °C due to their higher surface to 
volume ratio as already reported for other materials. [46,47] But they also exhibit slow 
recovery behavior after NH3 application. A diagram of the average values of the RSR 
versus the particle size at 300 °C is illustrated in Fig. 4.9. The data points display the 
tendency of a linear increasing sensor response by a decreasing particle size toward 
both gases H2 and NH3. Since this influence of mean particle size on the sensor 
responses is almost the same for both analytes at 300 °C, it completely vanishes for H2, 
while it remains for NH3 at the lower temperature of 250 °C (Fig. 4.10). Thus, in case of 
Fe3-xO4 nanoparticles beside the selection of best working temperature the selection of 
most sensitive particle size can be used as well to suppress the cross sensitivity toward 
other analyte gases.  
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Figure 4.9: RSR of second screening toward H2 und NH3 (with standard deviation 
σ) as function of nanoparticle size at 300 °C. 
 
 
Figure 4.10: RSR of second screening toward H2 und NH3 (with standard deviation 
σ) as function of nanoparticle size at 250 °C. 
 
4.4 Conclusions 
In this study nanoparticulate powders of magnetite, i.e. Fe3-xO4, which differ in their 
mean particle sizes from 12 to 60 nm, have been synthesized via hydrothermal method. 
The characterization of powders by XRD and SEM revealed that the sample materials 
are made of a magnetic core surrounded by an oxidized layer maghemite, i.e. γ-Fe2O3, 
and that they consist of sponge-like porous networks of interconnected spherical 
particles. 
The relative sensor response, the selectivity and the recovery behavior toward the 
reducing analyte gases 500 ppm CH4, 10 ppm NO, 500 ppm H2 and 100 ppm NH3 and 
the reference gas N2 in the temperature range from 50 to 300 °C were analyzed. The 
measurements revealed a high relative sensor response of magnetite toward NH3 at 
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250 and 300 °C and a pronounced sensor response toward H2 and NO at 300 and 
200 °C, respectively. At elevated temperature the nanoparticle size showed a significant 
effect on the NH3 sensing behavior reflected in a linear increase of relative sensor 
response with decreasing particle size at 250 and 300 °C, which is probably caused by 
the larger surface area of the smaller particles. Hence, this study reports the first results 
on the gas sensing properties of nanoparticulate Fe3-xO4 thick films as resistive sensor 
material, i.e. chemiresistors. 
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5 Volume-Doped Cobalt Titanates 
for Ethanol Sensing: 
An Impedance and X-Ray 
Absorption Spectroscopy Study * 
 
5.1 Introduction 
In view of the anthropogenic greenhouse effect the mitigation of climate relevant 
exhaust, predominantly CO2, is subject to current scientific and political debates. [231,232] 
The combustion of fossil fuels still remains a significant driver of CO2 exhaust, so that 
renewable resources may offer an appropriate alternative. [233,234] Meanwhile, alternative 
fuels derived from biomass, in particular bioethanol, are gradually substituting fossil 
resources. [235,236] Such ethanol blends require a modified flex-fuel engine and a 
specialized engine management due to their different combustion chemistry [237] and, 
hence, continuous exhaust monitoring based on simple and stable gas sensors. [238] 
Resistive gas sensors, i.e. chemiresistors, [3,4] on the basis of metal oxides are suited 
for in situ exhaust gas measurements due to their chemical and thermal stability at 
elevated temperature. For this reason, the most applied and published materials are 
binary n-type or p-type semiconducting metal oxides, which exhibit a broad diversity of 
chemical composition. [2,239] Recently, nanostructured morphologies became more 
frequently applied to overcome the inherent limitations in sensitivity, selectivity, 
response behavior or stability. [62,240,241] Multinary oxides with perovskite structure are 
less well studied, but they offer two different positions for dopants together with high 
melting points for microstructural stability. Among the ternary oxides, titanates are most 
common [242] beside ferrites and cobaltites. For example (Ln,M)BO3 materials (Ln = 
lanthanide, M = alkali earth metal and B = transition metal, as e.g. Fe, Co and Ni) 
known as oxidation catalysts were reported to be sensitive toward the reducing gases 
C2H5OH and CO. [243] Further, the ilmenite structured β-CdSnO3 and CoTiO3 were found 
                                            
 
 
* This chapter is already content of Ref. 52. 
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to show high sensitivity, good selectivity and rapid response characteristics toward 
higher C2H5OH concentrations. [244,245] 
Already previous studies have reported on the effects of volume doping on perovskite-
type LnBO3 (Ln = lanthanides, B = Cr and Fe) [39,42] and ilmenite-type CoTiO3 [195,246] 
materials [26]. This research led to a descriptive model for a structure-property relation, 
which relates the analyte sensitivity to the binding energy between lanthanide metal and 
adsorbed oxygen [39,42]. The volume doping of CoTiO3 with 2 at% La [195] significantly 
enhanced the conductivity, i.e. about one order of magnitude, and decreased the 
optimum working temperature. These materials showed high sensitivity toward C3H6 
and C2H5OH without cross sensitivities toward other analytes, i.e. H2, CO, NO, NO2. 
Further, volume doping with 2 at% Li, Na, K, Sb, La, Sm, Gd, Ho and Pb [246] affected 
the sensitivity toward C3H6 and C2H5OH, the selectivity of C2H5OH versus C3H6 as well 
as the temperatures of maximum response and selectivity. In contrast, no significant 
effect of doping on the ABO3 ilmenite structure could be observed via XRD analyses. 
The present part of research focuses on the C2H5OH sensing properties of volume-
doped CoTiO3 in particular for atmospheres and temperatures prevailing in flex-fuel 
exhaust. Hence, a screening of CoTiO3 materials deposited on a multielectrode 
substrate (MES) was conducted toward concentrations of 5 to 200 ppm C2H5OH by 
means of high-throughput impedance spectroscopy (HTIS). Time-resolved and long-
term measurements on selected materials were conducted to characterize the 
response/recovery behavior, reproducibility of sensor response and drift of base 
resistance. Besides, selected samples were tested on commonly used single electrode 
structures (SES) for the reproduction of results. In case of the best performing 
Co0.98La0.02TiO3 the effect of doping on the ilmenite structure was analyzed via 
extended X-ray absorption fine-structure (EXAFS). 
 
5.2 Experimental Details 
The polyol-mediated synthesis, sensor layer preparation and standard material analysis 
of various metal oxides, as e.g. volume-doped CoTiO3, has been described in full detail 
in Chap. 3.2 concerning the complete high-throughput (HT) workflow cycle. All applied 
chemicals and gases were used in the supplied quality without further purification, if no 
specific note is given to the contrary. 
Previously, the polycrystalline materials have been prepared via polyol-mediated 
synthesis (cf. Fig. 3.4) [188,191,247] and the obtained spherical nanoparticles been 
deposited as thick films on the interdigital electrodes of MES (cf. Fig. 3.6) [29,30,41,45] by 
the coating station (cf. Fig. 3.5) [25,196] (Tab. 5.1). Thereby, the application of commercial 
laboratory robotic system integrated in the HTIS approach (cf. Fig 3.7) [29,30,45] has 
further accelerated the respective workflow steps. [27-30,45] 
Chapter 5 
 
79
5.2.1 Gas sensing characterization 
5.2.1.1 HTIS material screening of C2H5OH sensitivity 
For the electrical characterization herein the impedance measurements were carried out 
by applying certificated commercial test gasses (Messer Griesheim and Scott Speciality 
Gases) under dry conditions, i.e. 0 % relative humidity (RH), and with a constant volume 
flow, i.e. 100 sccm, while synthetic air was used as reference gas. The admixing of 
desired analyte atmospheres by mass flow controllers (MKS, MKS Industry) was based 
on 30 and 200 ppm C2H5OH in nitrogen and synthetic air, respectively, so that the 
oxygen content of the lower 5 to 30 ppm and higher 30 to 200 ppm concentrations 
varies between 0 and 17.1 % or remains constant at 20.5 %, respectively.  
The material screening was carried out using thick films, which have been deposited 
threefold in a statistical manner on a MES in order to compensate possible gradients of 
temperature or gassing as well as potential failures in electrical contacting (cf. Fig. 5.3). 
The applied sample materials featuring different chemical compositions of base material 
CoTiO3 (ABO3) in respect of doping element and dopant position are labeled from S 5.1 
to S 5.13 (Tab. 5.1). The electrical addressing of wells is defined by a double-digit figure 
XY, in which X stands for the column and Y for the row within the 8x8 array of 64 
samples. The IS measurements were carried out in ascending order between 300 and 
500 °C in 50 °C steps. For the characterization of sensor films an alternating reference 
and analyte sequence of 5 to 200 ppm C2H5OH in 5 and 50 ppm increments at the 
lower and higher level, respectively, was applied. In the course of concentrations, i.e. 5, 
10, 15, 20, 25, 30, 30, 50, 100, 150 and 200 ppm, the 30 ppm level was applied twice in 
order to compare the influence of balance gas. At every new temperature and 
atmosphere the MES was kept under a preliminary reference gassing for 240 and 
30 min, respectively, to reach sample-environment equilibrium. After each conditioning 
phase the electrical impedance Z* was measured in the 10 to 107 Hz frequency range 
with 15 measuring points/frequency decade (U = 500 mV; impedance analyzer 
HP 4192 A, Agilent Technologies). 
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Table 5.1:  Volume-doped CoTiO3 materials coated on MES (positions with 
failures in electrical contacting marked in italic and applied for spot 
measurements in bold). 
Sample 
material 
Chemical 
formula 
Doping 
element 
Lattice 
position 
MES 
position 
S 5.1 CoTiO3 w/o w/o 24, 67, 74 
S 5.2 Co0.98Li0.02TiO3 Li A 35, 41, 82 
S 5.3 Co0.98Na0.02TiO3 Na A 23, 37, 62, 76 
S 5.4 Co0.98K0.02TiO3 K A 16, 44, 88 
S 5.5 CoTi0.98Sb0.02O3 Sb B 25, 32, 75 
S 5.6 Co0.98La0.02TiO3 La A 26, 52, 57 
S 5.7 CoTi0.98La0.02O3 La B 34, 51, 87 
S 5.8 Co0.98Sm0.02TiO3 Sm A 17, 58, 64 
S 5.9 CoTi0.98Sm0.02O3 Sm B 18, 54, 86 
S 5.10 CoTi0.98Gd0.02O3 Gd B 42, 47, 73 
S 5.11 Co0.98Ho0.02TiO3 Ho A 45, 68, 81 
S 5.12 CoTi0.98Ho0.02O3 Ho B 11, 38, 55 
S 5.13 CoTi0.98Pb0.02O3 Pb B 12, 48, 65 
 
5.2.1.2 HTIS material screening of response behavior 
Single frequency measurements, i.e. spot measurements (100 Hz, U = 500 mV rms), 
were conducted every 3 sec at 500 °C in order to continuously monitor the ohmic 
resistance of selected wells of S 5.2, S 5.4, S 5.6, S 5.12 and S 5.13 (cf. Tab. 5.1). After 
a conditioning time of 120 min at 500 °C a tripartite test gas sequence, i.e. block A, B 
and C, was applied, while the analyte atmosphere was varied either monotonously or 
alternately with reference gas every 15 min. During every block the concentration of 
analyte was incrementally increased and decreased between 5 and 200 ppm (cf. 
Fig. 5.9 to 5.13) and in one case, i.e. block A*, B* and C*, between 2 and 30 ppm 
C2H5OH (cf. Fig. 5.14).  
Further, the base resistance of run-in phase was observed for all wells, which were 
addressed in ascending order by means of two repetitions and a 5 min break over a 
period of about 40 h under reference gassing. Since the resistance values of different 
materials were spread over several orders of magnitude the respective resistances 
were standardized to the final value to allow for a better comparison (Eq. 5.1), wherein 
∆R is the standardized difference in resistance and Rt1 and Rt2 are the resistances at a 
particular time, i.e. 600 and 2400 min, respectively: 
R∆  100
⎛ ⎞−= ⎜ ⎟⎝ ⎠
t1 t2
t2
R R
R
  (5.1) 
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5.2.2 Polyol-mediated synthesis 
For the purpose of continuative EXAFS analysis the undoped and K-doped CoTiO3 , i.e. 
S 5.1 and S 5.4, were synthesized and prepared again under identical conditions as 
published before [26,195,246]. After dissolving the stoichiometric amounts of precursor 
metal salts in diethylene glycol (DEG) by heating, the precipitation of metal oxide 
nanoparticles was forced by adding a surplus of hydrolyzing agent followed by further 
heating. The solid product was separated from the cold suspension, washed, dried and 
calcined in a step program, i.e. 400 °C/1 h and 700 °C/12 h, to yield the polycrystalline 
metal oxide. As a matter of routine the obtained powders were analyzed via X-ray 
diffraction (XRD), scanning electron microscopy (SEM) etc. as described in the 
following. 
 
5.2.3 Structural characterization 
5.2.3.1 XRD and SEM 
Since the original sample materials related to the thick films of MES have already been 
analyzed via XRD, SEM etc. in our previous work [26,195,246] the new materials were 
treated in the same manner for comparison. Additionally, for Rietveld refinements 
powder XRD on thin films was conducted in transmission mode by using a 
STOE STADI P Diffractometer equipped with an Image Plate detector (both STOE 
GmbH & Cie) and CuKα1 radiation (λ = 1.54059 Å).  
 
5.2.3.2 EXAFS 
EXAFS measurements were carried out at the Rossendorf Beamline (ROBL) located at 
BM20 of European Synchrotron Radiation Facility (ESRF; Grenoble, France), which 
operated the electron storage ring at 6 GeV and 130 to 200 mA. At ROBL, the standard 
setup was applied with a pair of Si(111) crystals for monochromatization and a pair of Si 
mirrors for vertical beam collimation and suppression of higher harmonics. The EXAFS 
spectra were collected at the Ti-K, i.e. 4966 eV, and Co-K edges, i.e. 7709 eV, in 
transmission mode using 30 cm ionization chambers filled with appropriate gas 
mixtures. The samples were measured at 15 K using a closed-cycle He cryostat to 
improve signal quality by suppressing thermal contributions to the Debye-Waller 
factor [248]. The data reduction and extraction of EXAFS oscillation was performed with 
the Demeter code [249]. The threshold energy E0 was defined as the maximum of the first 
derivate of absorption coefficient. The experimental spectra were Fourier-transformed 
using a Hanning window over the k-space ranging between 3.0 to 13.87 Å-1 for Ti and 
2.0 to 12 Å-1 for Co. The theoretical phase shifts and backscattering amplitudes were 
obtained from FEFF7 [250] using the known CoTiO3 structure [251]. The EXAFS data were 
refined in R-space, i.e. Ti: 1.0 to 4.0 Å and Co: 1.0 to 6.0 Å, of Fourier transformed k3-
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weighted χ(k) data. The Co and Ti K-edges were simultaneously refined using the 
Demeter code [249]. The refinement of EXAFS data was buildt using models with six 
paths for Ti and ten paths for Co considering only single scattering contributions (SS). 
The coordination numbers were held constant at their crystallographic values. The Ti-K 
and Co-K amplitude reduction factors S02 were obtained for pure CoTiO3 and held 
constant for the sample with 2 at% K-doping. The shift in threshold energy ∆E0 was 
varied as a global parameter in the fit procedure. 
 
5.3 Results and discussion 
5.3.1 Gas sensing characterization 
5.3.1.1 HTIS material screening of C2H5OH sensitivity 
During the impedimetric characterization the volume-doped CoTiO3 materials exhibited 
p-type semiconducting behavior according to the definition of RSR (cf. Eq. 3.1 and 3.2) 
and a pronounced sensitivity toward C2H5OH. The range measurements are 
exemplified by the Argand plot of S 5.2 at 500 °C, which illustrates stepwise increasing 
diameters of semicircle in respect of concentrations of 5, 15, 30, 50, 100, 150 and 
200 ppm C2H5OH, respectively (Fig. 5.1). Generally, the fitting of slightly suppressed 
semicircles by a single RC-element was found to be adequate to reproduce the 
electrical material properties. 
 
 
Figure 5.1: Argand plot of S 5.2 toward 5 to 200 ppm C2H5OH at 500 °C. 
 
The Trellis plot of material screening gives a visual overview about the sequences of 
measuring temperature, i.e. 300 to 500 °C in 50 °C increments, and of analyte 
concentration, i.e. 5, 10, 15, 20, 25, 30, 30, 50, 100, 150 and 200 ppm C2H5OH 
(Fig. 5.2). All wells of MES, which were not considered for this screening as well as not 
measured due to failures in the electrical contacting, appear black. The plot shows the 
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typical behavior of p-type semiconducting materials toward the reducing analyte, i.e. 
negative values of RSR as indicator of increasing resistances. The validation of 
measuring data increases with rising temperature due to the quality of data fits, i.e. 
signal to noise ratio, as evident from the solely color dots of S 5.2 at 300 °C and 
reduced dot diameters at 350 to 400 °C. The materials exhibit a high but unspecific 
RSR in the range of 400 to 450 °C, whereas the RSR correlates with the increase in 
analyte concentration at the highest temperature. Further, the recovery behavior 
increases (up to some weakly positive values) by rising temperature due to the time 
scale of experiments. 
 
 
Figure 5.2: Trellis plot of material screening toward test gas sequence, i.e. 
alternating 5 to 200 ppm C2H5OH as analyte gas and synthetic air as 
reference gas, at 300 to 500 °C (wells not considered for this 
screening and not measured due to electrical failures appear black). 
 
The fingerprints of material screening enable a more detailed investigation on the 
response and recovery behavior depending on analyte concentration. The statements 
based on the Trellis plot, i.e. the increasing reliability of data fit and recovery behavior 
toward higher temperatures as well as the tendency of concentration dependence at 
500 °C, were confirmed by the fingerprints (Fig. 5.3). The at least triple statistical 
distribution of each material composition is indicated by the nature and position of 
volume dopant with respect to the base material CoTiO3 for each well of MES (cf. 
Tab. 5.1). In this connection the recognition of similar pattern appears not always that 
obvious owing to a comparable basic behavior of material compositions. The wells not 
considered for this screening appear as dotted lines and those, which did not result in 
reasonable data due to failures in the electrical contacting as missing diagrams (cf. 
Tab. 5.1). Hence, the best sensor performances are achieved for the experiments at 
500 °C, which provide good responses to the different analyte concentrations in a linear 
manner and good recovery behaviors probably due to faster reaction rates at the sensor 
surface. The CoTiO3 materials doped by alkali metals and La in Co-position gave the 
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best results at temperatures of 400 °C and below, especially, S 5.2 showed good 
validation of data fits recommended for low temperature application. 
 
 
Figure 5.3: Fingerprints of material screening toward test gas sequence, i.e. 
alternating 5 to 200 ppm C2H5OH and synthetic air, at 500 °C 
(statistical distribution of equal compositions exemplarily marked in 
grey; wells not considered for screening or not measured due to 
electrical failures appear as dotted lines or missing diagrams, 
respectively). 
 
The comparison of three equally coated but statistically distributed wells obtains slight 
deviations in the RSR, which are presumably related to variations in the microstructure 
of thick films caused by the synthesis and preparation process, whereby the recovery 
behavior of previous reference gassing has to be taking into account (Fig. 5.4). The 
reproducibility of concentration pattern demonstrated the feasibility of applied sensor 
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materials and film deposition for production of calibrated sensor devices in large scale 
on the basis of material batches. 
 
 
Figure 5.4: RSR of S 5.12 concerning three equally coated and statistically 
distributed wells on MES toward 5 to 200 ppm C2H5OH at 500 °C. 
 
For the realization of high accuracy in the lower analyte concentrations, i.e. 5 to 30 ppm 
C2H5OH, these atmospheres were admixed by using C2H5OH balanced by nitrogen in 
contrast to those for the higher concentrations, i.e. 30 to 200 ppm, balanced by 
synthetic air. During the test sequence the 30 ppm concentration was applied twice 
having slightly different concentrations, i.e. potentially ± 0.9 and ± 3 ppm, and strongly 
different oxygen contents, i.e. 0 to 20.5 %. By comparing the ASR (cf. Eq. 3.3 and 3.4) 
of all temperatures to each other slightly different slopes and points of discontinuity 
were found for both concentration ranges, but no systematic or significant influence of 
the error in analyte concentration or oxygen content could be revealed. It is worth 
noticing that the sensor response is affected by these slight influences caused by the 
technical limitations of gas supply, but revealed to be unaffected by the variation of 
oxygen content. 
Regarding the ASRs toward 50 ppm C2H5OH at all temperatures the sensor response 
generally started to rise at 400 °C and became most significant at 450 °C except for 
S 5.2 and S 5.4 (Fig. 5.5), while the latter showed a maximum at 400 °C.  
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Figure 5.5: ASR of material screening toward 50 ppm C2H5OH at all 
temperatures (materials presumably doped in A and B position 
appear in black and grey, respectively). 
 
At all temperatures S 5.2 exhibited the highest sensitivities toward the highest analyte 
concentration with maxima of about 120 at 350 and 400 °C underlining its potential for 
low temperature application (Fig. 5.6). 
 
 
Figure 5.6: ASR of S 5.2 concerning different temperatures toward 5 to 200 ppm 
C2H5OH. 
 
The best performing materials were selected by plotting the analyte concentration 
versus the ASR at the selected temperature of 500 °C, which highlights that the volume 
doping except by Sb has a beneficial impact compared to the pristine CoTiO3 (Fig. 5.7). 
At this temperature S 5.12, S 5.2, S 5.4, S 5.13 and S 5.6 exhibit the highest 
sensitivities in descending order, and moreover, S 5.2, S 5.4 and S 5.6 show an almost 
linear increase in sensitivity. In contrast materials with lower maximum sensitivities, as 
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e.g. S 5.5, S 5.1 and S 5.7, are becoming saturated toward higher concentrations, 
whereas S 5.12 behaves contrariwise. 
 
 
Figure 5.7: ASR of material screening toward 5 to 200 ppm C2H5OH at 500 °C 
(materials presumably doped in A and B position appear in black and 
grey, respectively). 
 
The sensor materials were sorted in ascending order of doping element in order to 
correlate the sensor properties with the material structure (Fig. 5.8). Hence, the ASR 
toward the analyte has a decreasing and increasing tendency for the materials 
presumably volume-doped in A and B position, respectively. The comparison of two 
materials, which have been intended for doping in A or B position by the same element, 
i.e. La (S 5.6 and S 5.7), Sm (S 5.8 and S 5.9) and Ho (S 5.11 and S 5.12), exhibit 
significant differences in the ASR strongly indicating that different sensor materials were 
created and that the lattice position has significant influence. However, no specific 
descriptor was found for that relation, as e.g. ionic radius, electronegativity etc., in 
contrast to the binding energy between lanthanide dopant and adsorbed oxygen as 
reported for perovskite-type LnBO3 (Ln = lanthanides, B = Cr and Fe) [42]. 
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Figure 5.8: ASR of material screening concerning intended volume dopant 
position and atomic number toward 5 to 200 ppm C2H5OH at 500 °C. 
 
5.3.1.2 HTIS material screening of response behavior 
The response/recovery behavior and reproducibility of sensor response toward a certain 
concentration was further characterized by time-resolved and long-term spot 
measurements. Hence, on the basis of Bode plots, i.e. log f (frequency) versus Z’ and 
Z’’, a measuring frequency of 100 Hz was chosen to ensure a stay within the quasi DC 
plateau concerning all concentrations (Fig. 5.A, supporting information). The ohmic 
resistances of the best performing, i.e. highest ASR at 500 °C, S 5.2, S 5.4, S 5.6, 
S 5.12 and S 5.13 each represented by a single MES well (cf. Tab. 4.1) were 
consecutively determined, while gassing with the tripartite test sequence, i.e. A, B and 
C. During the sequence the analyte concentration was incrementally varied in 
increasing and decreasing order without and with alternating reference gassing for the 
two identical blocks A and B as well as C, respectively. Altogether, the S 5.4 exhibits the 
best sensor performance with rapid response and recovery times toward all analyte 
concentrations, i.e. 5 to 200 ppm C2H5OH, as well as excellent recovery behavior and 
reproducibility even at higher concentration levels (Fig. 5.9). Since the blocks A and B 
show identical resistance values of concentration steps the block C results in lower 
values taking into account the measurement uncertainty. Besides, the response to the 
analyte is fast enough to rapidly form a plateau at every concentration step and to 
instantly detect an analyte lack during the change of gas supply between both 30 ppm 
concentrations. Further, the value of base resistance is always immediately and 
completely recovered by a dynamic sensor response without any drift.  
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Figure 5.9: Dynamic response/recovery behavior of S 5.4 toward 5 to 200 ppm 
C2H5OH at 500 °C (initial base resistance as dotted line). 
 
The other sample materials could be contrasted to this excellent behavior, since S 5.2 
(Fig. 5.10) provides still good as well as S 5.6, S 5.12 and S 5.13 (Fig. 5.11 to 5.13) 
even worse dynamic response behaviors concerning the time to reach saturation level 
depending on analyte concentration and the reproducibility of sensor response toward 
equal analyte concentrations. Additionally, for reasons of clarity the reproducibility of 
sensor response is highlighted in more detail in terms of the superposed blocks A and B 
(cf. Fig. 5.B to 5.F left, supporting information) and of the superposed increments of 
block C (cf. Fig. 5.B to 5.F right, supporting information). 
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Figure 5.10: Dynamic response/recovery behavior of S 5.2 toward 5 to 200 ppm 
C2H5OH at 500 °C (initial base resistance as dotted line). 
 
 
Figure 5.11: Dynamic response/recovery behavior of S 5.6 toward 5 to 200 ppm 
C2H5OH at 500 °C (initial base resistance as dotted line). 
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Figure 5.12: Dynamic response/recovery behavior of S 5.12 toward 5 to 200 ppm 
C2H5OH at 500 °C (initial base resistance as dotted line). 
 
 
Figure 5.13: Dynamic response/recovery behavior of S 5.13 toward 5 to 200 ppm 
C2H5OH at 500 °C (initial base resistance as dotted line). 
 
Hence, solely for S 5.4, a very similar experiment was conducted to determine the 
measuring accuracy toward a tripartite sequence of 2 to 30 ppm C2H5OH in 2 ppm 
increments, i.e. A*, B* and C*, after an elongated conditioning at 500 °C (Fig. 5.14). 
Thereby, this material behaves very similar except of a slight drift of base line and a 
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tendency to overdrive under reference gassing after higher analyte concentrations, 
while the constant and reproducible concentration steps allow for a detection of even 
lower increments. 
 
 
Figure 5.14: Dynamic response/recovery behavior of S 5.4 toward 2 to 30 ppm 
C2H5OH at 500 °C (initial base resistance as dotted line). 
 
Since a run-in period was observed during the initial conditioning of preliminary 
experiments the base resistance was monitored over a period of about 2400 min to find 
out the minimum setting time (Fig. 5.G). Since the obtained material resistances were 
spread over several orders of magnitude the respective resistances were normalized to 
the final value to enable a comparison (cf. Eq. 5.1). Thereby, among the selected wells 
the standardized resistances of S 5.4 and S 5.12 as well as of S 5.13 and S 5.2 
exhibited the lowest as well as highest slope resulting in a run-in period of about 
120 min and no drift as well as 180 min and slight drifts, respectively. 
Finally, manually coated single electrode substrates (SES; 25 x 4 x 0.75 mm) were 
applied to control the reproducibility under the minimized and simplified setup of a 
ready-made sensor chip [44,252]. The characterization of the dynamic sensor response 
was repeated under the identical measuring parameters as described above (cf. Chap. 
5.2.1.2.). The sensor properties of exemplified materials, i.e. S 5.6, S 5.12 etc., basically 
confirmed the achieved results taking into account the thicker sensor layers, missing 
aging procedure and larger recipient volume, which will be compensated by a drive-in 
phase combined with the exhaust velocity. 
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5.3.2 Structural characterization 
5.3.2.1 XRD and SEM 
As a matter of routine the sensor materials coated on the MES have already been 
structurally and morphologically analyzed via XRD, SEM etc. as previously 
reported. [26,195,246] The volume doping of base material by very low amounts of 2 at% 
doping element strongly affects the sensor properties, but hampers the determination 
concerning the amount and position of incorporation into the ilmenite lattice. Hence, the 
undoped S 5.1 and best performing S 5.4 were prepared again under the identical 
parameters for the purpose of continuative structure analysis. The analytic methods 
confirmed the reproducibility of preparation with respect to structure, phase and surface 
morphology despite of slightly bigger particles, i.e. 100 to 200 nm for the reproduced 
compared to 80 to 140 nm for the original S 5.4. 
Additional XRD examinations revealed that the pattern of undoped and K-doped 
material are nearly single phased and in good accordance to the orthorhombic CoTiO3 
structure of reference data [251]. Since the K+ ion is larger compared to the Co2+ and Ti4+ 
ions any incorporation into the orthorhombic ilmenite structure may lead to an 
expansion of the lattice parameters, whereas the lack of oxygen caused by the lower 
valency of K compared to Co and Ti may result in lattice contraction. The Rietveld 
refinements of the initially and subsequently prepared S 5.4 measured at room 
temperature revealed the good reproducibility of synthesis, i.e. secondary phase of 11.7 
and 8.8 % TiO2, respectively, in the range of analysis accuracy as well as high 
accordance with lattice parameters, i.e. a = b = 5.071(1) Ǻ, c = 13,937(3) Ǻ and 
a = b = 5.072 (1) Ǻ, c = 13,936(3) Ǻ, respectively (cf. Tab. 5.2), compared to the CoTiO3 
data given in the Inorganic Crystal Structure Database (ICSD), i.e. a = b = 5.0691(2) Ǻ, 
c = 13,9358(5) Ǻ [251]. Thereby, a slight increase of temperature factor indicates an 
increase of oxygen vacancies in the lattice of K-doped sample. However, the results of 
Rietveld refinements demonstrate that the original and reproduced materials are 
basically identical and, thus, enable advanced analysis via EXAFS on the impact of K-
doping on the ilmenite structure. 
 
5.3.2.2 EXAFS 
The EXAFS experiments were carried out at the Co and Ti-edges, because K itself is 
not accessible due to its low-energy K-edge. The experimental k3-weighted spectra of 
both, S 5.1 and S 5.4, as well as their Fourier Transform magnitudes (FT) are shown in 
Fig. 5.15. The spectra collected at the Ti K-edge are clearly different from those 
collected at the Co-K edge, in line with the different coordination environment of Ti and 
Co centers. In contrast, the differences between the samples with 0 and 2 at% K as 
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volume dopant are very small and evidently only, when plotting the spectra on top of 
each other. 
At the Ti edge, there are three FT peaks in the R-range of 0.5 to 2 Å (uncorrected for 
phase shift) labeled as A0, A1 and A2 (Fig. 5.15 left). The peaks A1 and A2 correspond to 
the SS contributions of two Ti-O distances in the TiO6 coordination octahedron at 1.85 
and 2.05 Å. The peak A0 is located at a distance from Ti, which is too short to 
correspond to backscattering from a neighboring atom, and too pronounced for a side 
lobe arising from a Fourier transform truncation effect. The peak A0 might be related to 
the deformation of coordination octahedron, because of metal-metal repulsion, as 
reported earlier in Ref. [250]. The peak B arises from the cation-cation interactions Ti-Co1 
at 2.89 Å and Ti-Ti at 3.01 Å, while, finally, the peak C is attributed to the Ti-Co2 and Ti-
Co3 interactions at 3.42 and 3.73 Å, respectively. 
At the Co K-edge four main peaks labeled as A’, B’, C’ and D’ are present in the FT 
(Fig. 5.15 right). The first peak A’ contains the SS contributions of two different Co-O 
bonds in the CoO6 octahedron at distances of 2.03 and 2.15 Å. The peaks B’ and C’ 
represent the SS contribution of cation-cation interactions at longer distances, i.e. Co-
Ti1, Co-Co, Co-Ti2 and Co-Ti3. Their interatomic distances are equal to the 
corresponding Ti-cation paths and were therefore fitted as linked contributions during 
the simultaneous fits of the Ti and Co K-edge spectra. Additional SS Co-Ti contributions 
were fitted at longer distances to account for the strong D’ peak and to improve the fit 
quality mainly at k-values between 5 to 7 Å-1 (Fig. 5.H). 
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Figure 5.15: EXAFS spectra of S 5.1 named CoTiO3 (full lines) and S 5.4 named 
CoTiO3:K(A) (dotted lines) in terms of k3-weighted spectra collected at 
Ti and Co K-edge (left) and corresponding FT magnitudes (right). 
 
The values obtained from shell fits of EXAFS data and Rietveld refinements of XRD 
data both measured at low temperature are given in Tab. 5.2. The EXAFS-derived 
distances for the pristine S 5.1 sample are within ± 0.04 Å compared to the 
crystallographic, long-range order values determined by XRD. The derived distal 
differences between the S 5.1 and S 5.4 are even smaller. Please note that especially 
the metal-oxygen distances in the CoO6 and TiO6 octahedra remain unchanged given 
an error of ± 0.01 Å due to EXAFS method. The largest difference occurs for the Ti-Co2 
path, which is 0.03 Å longer in case of doping with 2 at% K, whereas all the other 
distances remain essentially the same. The most important K-induced change seems to 
be a higher static disorder for the S 5.4 as expressed by the reduced amplitudes in k 
and R-space, especially for the mid-range cation-cation interactions, i.e. B and C. This 
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increase of static disorder is also reflected by an increase of most of the fitted Debye-
Waller factors (cf. Tab. 5.2). 
 
Table 5.2: EXAFS fits of subsequently prepared materials for local environment 
of Ti and Co (XRD Rietveld refinements given for comparison). 
 XRD EXAFS 
 S 5.4 S 5.1 S 5.4 
 R [Ǻ] 
CN 
 
R 
[Ǻ] 
σ2 
[Å2] 
R 
[Å] 
σ2 
[Å2] 
Ti-Oshort 1.87 3 1.85 0.0012 1.86 0.0017 
Ti-Olong 2.09 3 2.05 0.0012 2.05 0.0017 
§Ti---Co1 2.92 1 2.89 0.0010 2.88 0.0003 
Ti---Ti 2.98 3 3.01 0.0010 3.02 0.0013 
§Ti---Co2 3.40 3 3.42 0.0045 3.45 0.0058 
§Ti---Co3 3.73 6 3.73 0.0033 3.73 0.0042 
   S02 = 0.60 S02 = 0.60 
   E0 = -3.84 eV E0 = -3.57 eV 
   R factor = 0.028 R factor = 0.046 
Co-Oshort 2.05 3 2.03 0.0022 2.03 0.0011 
Co-Olong 2.17 3 2.15 0.0023 2.15 0.0010 
§Co---Ti1 2.92 1 2.89 0.0010 2.88 0.0003 
Co---Co 2.99 3 2.98 0.0010 2.98 0.0015 
§Co---Ti2 3.40 3 3.42 0.0045 3.45 0.0058 
§Co---Ti3 3.73 6 3.73 0.0033 3.73 0.0042 
Co---Co3 5.07 6 5.04 0.0025 5.04 0.0026 
Co---Co4 5.48 6 5.46 0.0051 5.47 0.0065 
Co---Ti5 5.85 6 5.95 0.0011 5.97 0.0010 
Co---Co5 5.88 3 5.79 0.0020 5.81 0.0012 
   S02 = 0.80 S02 = 0.80 
   E0 = -0.46 eV E0 = -0.64 eV 
   R factor = 0.028 R factor = 0.046 
§ Distances and Debye-Waller factors correlated during simultaneous fit of Ti and Co K-edge data. 
 
In accordance with the XRD results, which observed no significant change in long-range 
structure caused by K-doping, the EXAFS results did not detect any change in the 
atomic arrangement around Co and Ti, besides a slight increase of static disorder. But 
that does not necessarily mean that the K+ ions are statistically distributed, since they 
could also be located systematically or built-up cluster structures. However, the bulk 
structure as analyzed by XRD and EXAFS does not reveal any verifiable differences in 
the underlying ilmenite lattice except of the extension of Co-Ti2 distance. However, this 
finding could not be related to the improved sensitivity or reactivity toward C2H5OH in 
terms of a changing in the bond length between metal and oxygen or even binding 
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energy to surface oxygen as established previously for other p-type semiconducting gas 
sensor materials [42]. 
 
5.4 Conclusions 
In this work diverse volume-doped CoTiO3 materials were systematically studied for 
their dynamic response and recovery behavior toward C2H5OH concerning the 
feasibility as reliable in situ sensors in flex-fuel exhaust. During several screening cycles 
the HTIS approach demonstrated itself as beneficial tool in the rapid characterization of 
best performing material under reproducible conditions in respect of all workflow steps. 
For further investigations under close-to-reality conditions selected materials were 
transferred to single sensor substrates in order to minimize size and to match the need 
of commercial devices. The electrical and, thus, gas sensing characterization of applied 
chemiresistors, which were known to be C2H5OH sensitive/selective, humidity tolerant 
and long-term stable from our (previous) studies, revealed excellent sensor properties 
without significant influence of the oxygen content of balance gas. Since the alkali 
metal-doped materials and especially CoTiO3 Li-doped in Co-position showed the best 
validation of measuring data and highest sensor responses at 300 and 400 to 450 °C, 
respectively, these materials are recommended for lower temperature application. 
The CoTiO3 K-doped in Co-position exhibited the best overall performance concerning 
time-resolved response/recovery behavior, reproducibility of sensor response and base 
line resistance in terms of 5 to 200 ppm C2H5OH at an operation temperature of 500 °C. 
This outstanding material showed further a very good dynamic sensor performance 
toward low concentrations of 2 to 30 ppm C2H5OH. That also includes the oxygen and 
humidity tolerance as well as the (very) low cross sensitivities toward other typical 
amounts of H2, CO, CO2, NO, NO2 and C3H6 in the prevailing amounts of automobile 
exhaust. Therefore, we recommend the K-doped CoTiO3 as suitable sensor material for 
the rapid, reliable and robust C2H5OH detection under the dynamic and harsh 
conditions of flex-fuel exhaust. 
The XRD and EXAFS analyses of pristine and doped CoTiO3 revealed no significant 
variation in the long-range and short-range order related to the ilmenite lattice in the Co 
and Ti surroundings, respectively. Thus, no structure-property relation could be tracked 
for a correlation between the small amount of dopant, i.e. 2 at% K, and the significant 
enhancement in sensor performance. 
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6 Correlation of Electrical 
Properties and Catalytic 
Performance of MoVTeNbOx 
Catalysts in Iso-Butane Oxidation 
 
6.1 Introduction 
At present, specialty chemical products based on selective oxidation catalysis, as e.g. 
alcohols, aldehydes and acids, are generating the highest added values with substantial 
growth rates in the chemical industry. Hence, more than 200 and less than 400 million 
t/a each of organic and inorganic oxidation products are currently produced worldwide. 
However, due to the upcoming shortages in traditional starting materials the innovative 
research and development for more economic and ecologic process routes is paying 
increasing attention on alternative feedstocks, especially on reasonable light 
alkanes. [14] 
With regard to C4 chemistry, i.e. molecules with four carbon atoms, only few oxidation 
processes starting from butanes are industrially applied today, as e.g. from n-butane to 
maleic anhydride (MA) via vanadium phosphorous oxides (VPO) [145,146] or from i-butane 
to t-butyl alcohol (t-BA)/t-butyl hydroperoxide (t-BHP) via Oxiran process, while others 
are being developed, as e.g. from butane to butene via oxidative dehydrogenation 
(ODH). Especially i-butane available in bulk from field gas is suitable for the sustainable 
production of partially oxidized C4 products, as e.g. methyl methacrylate (MMA) via 
methacrolein (MAC). In this single-step process heterogeneous multi-component metal 
oxides such as MoVTeNb-oxides have shown higher activities compared to (Keggin-
type) polyoxometalates (POM), but unfortunately the selectivity toward the desired MAC 
product diminishes strongly with conversion. However, the conventional multiple stage 
acetone cyanohydrin (ACH) route is still dominating with about 80 % of MAC world 
production, although it suffers from major disadvantages such as huge resource input, 
as e.g. energy, hazardous feed components, as e.g. HCN, and undesired coupling 
products, as e.g. NH4HSO4. 
Thus, the development of more efficient MoVTeNbOx catalysts represents an essential 
precondition for a sustainable MAC production based on unreactive i-butane. This task 
remains challenging, since the sophisticated functionalization of i-butane comprehends 
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not only a series of coordinated steps, as e.g. the specific adsorption and activation of 
allylic C-H bond, the abstraction of two hydrogens and insertion of oxygen by active 
sites of catalyst surface, but also the solely partial oxidation, as e.g. the provision and 
transfer of oxygen species and electrons with particular activities by the oxygen mobility, 
redox behavior and electrical properties of catalyst bulk. [126,127] In case of n-type 
semiconductors the surface reduction by reactants results in the consumption of pre-
adsorbed oxygen ions or the formation of anion vacancies by electron donation via a 
Mars van Krevelen mechanism [140]. [253] Thereby, the occurring redox processes 
influence the electrical properties of catalytic solid and vice versa, while the electrical 
conductivity generally dominates about ionic and protonic contributions at moderate 
temperature and by humidity absence. 
Already in the past various analytic, electrical and kinetic methods have been combined 
to gain a profound understanding of electrical properties and structural compositions 
especially, the synergetic M1 and M2 phases in MoVTeNbOx [144,147]. For example, in 
view of the selective propene oxidation to acrylic acid by MoVTeNbOx (M2 phase) the 
relative oxidation level of solid surface revealed a critical temperature of 350 °C for the 
beginning of lattice mobilization with advanced oxidation/reduction via differential step 
technique (DST) of conductivity. [253] Concerning the partial oxidation of propane to 
acrylic acid by MoVTeNbOx a proof of concept was made to investigate the oxygen 
activity as a result of oxygen uptake and removal at the solid surface via simultaneous 
kinetic measurements and solid electrolyte potentiometry (SEP). [254] In terms of the 
selective (amm)oxidation of propane by MoVSbNbOx the electrical conductance of 
active n-type semiconductor (M1 phase) correlated with the oxidation states of V and Sb 
and the corresponding concentration of oxygen vacancies via X-ray absorption 
spectroscopy (XAS). [255] Regarding the oxidehydrogenation of i-butane by n-type and p-
type MoVMOx (M = Ni, Cu, Zn and Sb) the most electrical conductive materials obtained 
the highest catalytic conversions via activation energies of conductivity. [256] Due to the 
higher bulk mobility of adsorbed O- species compared to O2- ions p-type 
semiconductors were more reactive than n-type ones as reported for p-type VPO 
catalysts in the direct oxidation of n-butane to maleic anhydride [257]. 
The present study addresses the relationship between the electrical properties and the 
catalytic performance of Mo1.00V0.36Te0.18Nb0.12Ox catalysts applied in the direct 
selective oxidation of i-butane to MAC. Hence, numerous catalyst materials were 
prepared to study the effect of variations in synthesis method and calcination procedure 
on both the electrical and catalytic behavior without changing the chemical composition. 
The electrical properties of selected catalysts were characterized at various 
temperatures via high-throughput impedance spectroscopy (HTIS) to evaluate the 
activation energy of conductivity in synthetic air. The conversion and selectivity rates of 
all catalysts were determined under miscellaneous reaction conditions via gas 
chromatography (GC) to estimate the catalytic selectivity at given conversion toward i-
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butane. Finally, the correlation of both catalyst characteristics, the activation energy and 
the conversion selectivity, revealed that a specific parameter of catalyst preparation, i.e. 
calcination temperature, has a significant impact on the catalytic performance. Thus, the 
pre-characterization of potential catalyst materials via HTIS screening might lead to a 
better knowledge about the optimum electrical properties and, further, to an adequate 
identification tool of best performing catalysts as already established in case of 
chemiresistive gas sensors [27,28]. 
 
6.2 Experimental Details 
All applied chemicals and gases were used in the supplied quality without further 
purification, if no specific note is given to the contrary. 
 
6.2.1.1 Synthesis of catalyst materials 
The synthesis and preparation of oxidation catalyst materials has been conducted by 
the industrial cooperation partners around H.-W. Zanthoff at the Evonik Industries AG. 
Different metal oxidic catalyst samples all exhibiting the identical metal composition of 
Mo:V:Te:Nb in the ratio of 1.00:0.36:0.17:0.12 were prepared via spray drying method. 
The sample materials selected out of them for the electrical characterization are named 
S 6.1 to S 6.12 (Tab. 6.1). During the synthesis (a) (NH4)6Mo7O24·4 H2O, (b) NH4VO3 or 
VOSO4 (c) Te(OH)6 and (d) (NH4)[NbO(C2O4)2(H2O)2]·3 H2O were applied (in the 
received quality) as starting materials. Both NH4VO3 and VOSO4 were used as 
vanadium source, as e.g. in case of the materials S 6.1 to S 6.8 and S 6.9 to S 6.12, 
respectively. The admixing of aqueous reactant solutions, i.e. 40 g L–1, in the 
stoichiometric ratio of desired product was varied from the initial mixing sequence 
(a)(b)(c)(d) to (a)(c)(d)(b), as e.g. S 6.1 to S 6.5 and S 6.9 to S 6.11, and (a)(c)(b)(d), as 
e.g. S 6.8. The obtained spray dried precursors were heated up to different final 
temperatures varying from 450 to 750 °C in a nitrogen flow with a heating rate 3 K min–1 
and, then, calcined at the final temperature for 1 h. Additionally, selected precursors 
were also heated up first to 300 °C in an air flow and, then, to the final temperatures 
between 450 to 750 °C in a nitrogen flow with the mentioned heating rate before their 
calcination at the final temperature for 1 h. 
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Table 6.1.  Synthesis and preparation of selected spray dried MoVTeNbOx 
materials. 
Sample 
material 
Vanadium 
source 
Mixing 
sequence 
Calcination 
temperature 
[°C] 
S 6.1 NH4VO3 (a)(c)(d)(b) 450 
S 6.2 NH4VO3 (a)(c)(d)(b) 600 
S 6.3 NH4VO3 (a)(c)(d)(b) 650 
S 6.4 NH4VO3 (a)(c)(d)(b) 700 
S 6.5 NH4VO3 (a)(c)(d)(b) 750 
S 6.6 NH4VO3 n.d. 450 
S 6.7 NH4VO3 n.d. 600 
S 6.8 NH4VO3 (a)(c)(b)(d) 650 
S 6.9 VOSO4 (a)(c)(d)(b) 450 
S 6.10 VOSO4 (a)(c)(d)(b) 600 
S 6.11 VOSO4 (a)(c)(d)(b) 700 
S 6.12 VOSO4 n.d. 750 
 
6.2.1.2 Preparation for electrical characterization 
For the rapid electrical screening of catalyst samples a multielectrode substrate (MES) 
(cf. Fig. 3.6) [29,30,41,45] was applied, which fits into the measuring station of HTIS set-up 
(cf. Fig 3.7) [29,30,45]. 
For thick film deposition a reactor (cf. Fig. 3.5), [25,196] basically a teflon mask with O-ring 
sealings, was fixed on top of MES to form wells at each IDE position. Then, 50 µL of 
ethanol and 50 µL of an aqueous suspension of grinded sample, i.e. 12.5 g L–1, were 
filled in each well. Each catalyst material was statistically applied minimum three times 
in order to compensate potential gradients of gas concentration or furnace temperature 
as well as possible defects of contacting. The solvent was evaporated in a laboratory 
oven (Memmert UM 500; Memmert GmbH & Co. KG) at 60 °C and the resulting films, 
i.e. 0.625 mg, were calcined in a muffle furnace (Nabertherm Program Controller C 42, 
Nabertherm GmbH) for 3 h at 400 °C. This treatment should remove adhesive organic 
residues and prevent significant sintering of coatings during the electrical measurement. 
 
6.2.2 Catalyst characterization 
6.2.2.1 Structural characterisation 
The characterization of structure and phase was examined by powder X-ray diffraction 
(XRD) on thin films in transmission mode. The measurements were conducted by using 
a Huber Image Plate (Huber GmbH) equipped with a Guinier Image-Foil camera (Ge 
monochromator, CuKα1 radiation, λ = 1.54059 Å). The surface morphology and 
microstructure was imaged by a field emission scanning electron microscope (FE-SEM) 
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using a Zeiss DSM 982 Gemini and a LEO Supra 35 VP (both, Carl Zeiss SMT AG). For 
this purpose, all samples have been sputtered with carbon in advance. Elemental 
composition and distribution was observed by energy dispersive X-ray spectroscopy 
(EDX) with the FE-SEM described above and an INCA Energy 200 (Oxford Instruments; 
SiLi crystal; 133 eV; 10 mm2). The catalyst coatings were visualized by an optical light 
microscope (OLM) using an Olympus BX41 (Olympus Corporation) equipped with a 
Nikon Coolpix 995 digital camera (Nikon Corporation). 
 
6.2.2.2 Electrical characterization  
The alternating current (AC) measurements were carried out under a consistent volume 
flow of dry synthetic air, i.e. 100 sccm; humidity < 20 ppm, using an impedance analyzer 
(Agilent 4192 A, Agilent Technologies). Prior to the measurements the conditioning of 
catalyst films was performed for about 2250°min to investigate the sintering and aging 
behavior of catalyst films at a constant temperature of 400 °C. During this period single 
frequency measurements, i.e. spot measurements at 100 Hz (U = 500 mV rms), were 
conducted about every 9 min in average mode. The frequency of 100 Hz was chosen to 
stay within the quasi-dc plateau at low frequencies, i.e. the frequency independent part 
of impedance spectrum. 
The activation energy of catalysts was determined starting with the highest temperature 
from 400 to 250 °C in steps of 10 K in respect of their further industrial application. Prior 
to the measurements the conditioning of samples was conducted at the highest and 
each lower temperature for 120 and 90 min, respectively. Subsequently, the electrical 
impedance Z* was measured in the range from 10 to 107 Hz with 15 measuring 
points/decade (U = 100 mV rms amplitude).  
 
6.2.2.3 Catalytic characterization 
The kinetic screening of catalytst materials has been performed by the industrial 
cooperation partners. The catalytic performance of prepared catalysts was investigated 
over a wide range of reaction conditions with varying reactor temperature, i.e. TR = 300 
to 400 °C), gas composition, i.e. C4/O2 = 0.4 to 1.6, and residence time (n.d.). 
A fully automated high-throughput set-up with 12 reactors in parallel was applied, 
equipped with a multi column on-line gas chromatograph (GC; Agilent 6890 N, Agilent 
Technologies) for off-gas analysis. The catalyst materials were introduced into the 
reactors as grains in the range from 0.1 to 0.5 mm diluted with quartz. Nearly isothermal 
operation, i.e. ∆TR < 1 °C, was obtained during the catalytic experiments. The accuracy 
of derived measures, conversion and selectivity, amounted to 5 % and 0.5 %, 
respectively, while carbon mass balance exceeded 96 %. 
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6.3 Results and Discussion 
6.3.1 Catalyst characterization 
6.3.1.1 Structural characterization 
All 12 powder catalysts exhibit the same metal composition of Mo:V:Te:Nb in the ratio of 
1.00:0.36:0.18:0.12, but according to their sample history they differ in the preparation 
method and thermal treatment (cf. Tab. 6.1). Since hydrothermal synthesis conditions 
are generally helpful for the arrangement of molecular building blocks, as e.g. 
Anderson-type heteropolyanion units, to uniform materials [258] a subsequent thermal 
treatment in inert gas favors the crystallization of phase mixtures. Hence, the calcination 
of equally composed catalysts was conducted to develop active and selective crystalline 
phases and to modify the reducibility of mixed metal oxides. The type and amount of 
formed phases depended on the applied thermal conditions without influencing the 
stoichiometric composition. 
The XRD analysis revealed that the catalysts calcined at elevated temperature, i.e. 600 
to 750 °C, show the same peak pattern indicating that equal compounds or phases 
have been formed. Generally, the sample crystallinity significantly increases according 
to a higher calcination temperature and longer temperature ramp. Comparing the 
diffractograms of equally prepared samples only differing in the thermal treatment, as 
e.g. S 6.1 to S 6.5, the intensity of sharp diffraction peaks reaches a maximum at 
650 °C (Fig. 6.1). In case of S 6.10 to S 6.12 the crystallinity appeared to be in the 
same order, because no sample was calcined at 650 °C. Unlike to these the pattern of 
catalysts calcined at the lowest temperature, i.e. 450 °C, appeared less prominent, 
since the intensities of broadened peaks are significantly lower and some peaks, as e.g. 
below 10 °/2 Θ, are completely missing. Thus, the XRD pattern indicate the formation of 
much bigger crystallites at elevated temperature compared to mainly amorphous 
particles at the lowest temperature. Despite of their complex element composition the 
crystalline catalysts of similar compositions are reported to basically consist of two 
phases, the orthorhombic M1 (Inorganic Crystal Structure Database (ICSD) 55097) and 
the hexagonal M2, i.e. Te2M20O57, and Te0.33MO3.33 (M = Mo, V, Nb), 
respectively, [259,260] as well as of some minority phases, as e.g. (Mo0.93V0.07)5O14, 
M5O14, MoO3, Mo5TeO16, MoVTe, MoV etc. [261] Thereby Nb was found to stabilize the 
M1 phase and to hinder a transformation into the M2 phase of same chemical 
composition. For MoVTe and MoV-oxides this solid state transformation of M1 phases 
started above 773 K and ended up in pure M2 phases at 823 K. [262] The principal Bragg 
reflection at 22 °/2 Θ results from the (001) peak overlapping of both M1 and M2 phase 
as well as the Mo5TeO16 component, whereas the reflections below 10 and at 28 °/2Θ 
are primarily caused by the M1 and M2 phase, respectively [260]. [144,147] Similarly 
composed oxides are reported to be amorphous after heat treatment at 450 °C, 
whereas the M1 phase was formed as main crystalline phase with a scarce presence of 
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M2 phase at 600 °C. [263] In respect of the complexity of multiphase catalysts consisting 
of four different elements the structural determination remains extremely difficult. 
Hence, even though the M1 and M2 phases synergizing in e.g. the ammoxidation of 
propane [259,260,262] are clearly dominating other phases, the single peaks of displayed 
diffractograms were not indexed, refined or compared to the ICSD in detail. 
 
 
Figure 6.1:  XRD pattern of S 6.1 to S 6.5 calcined between 450 and 750 °C (left) 
and diffractogram details (right). 
 
The SEM micrographs visualize that all catalysts predominately consist of discrete 
particles/grains with different sizes up to 10 µm. The samples annealed at 450 °C are 
composed of compact spherical particles with a rough surface, whereby the samples 
annealed at elevated temperature build spherical agglomerations of interconnected 
crystallites in the shape of rods or needles, as exemplified for S 6.1 (calcined at 
450 °C)/S 6.3 (650 °C), S 6.6 (450 °C)/S 6.8 (650 °C) and S 6.9 (450 °C)/S 6.11 
(700 °C) (Fig. 6.2) as well as S 6.2 (600 °C)/S 6.4 (700 °C), S 6.5 (750 °C)/S 6.7 
(600 °C) and S 6.10 (600 °C)/S 6.12 (750 °C) (Fig. 6.A, supporting information). The 
orientation of rods varies from radial to tangential assemblies including needle-free 
parts or centers. The diameter of rods is about 0.1 to 1 µm and the length of rods is 
about 2 to 4 µm concerning the most crystalline samples calcined at 650 °C. According 
to literature already the precursor material of phase pure M1 catalysts exhibited long-
range ordering in the [001] direction. Then, an anisotropic crystallization occurred in the 
subsequent thermal treatment, which basically influences the diameter and not the 
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length of needle-like morphology. [261] Both cases, i.e. more amorphous and more 
crystalline compounds, indicate that during the preparation similar primary particles are 
formed, which crystallize during the subsequent thermal treatment. With respect to their 
compact microstructure the more amorphous samples are expected to exhibit lower 
surface areas available for the heterogeneous oxidation reactions. 
 
 
Figure 6.2:  SEM micrographs of S 6.1, S 6.6 and S 6.9 calcined at 450 °C (left) 
and S 6.3, S 6.8 and S 6.11 calcined at 650 or 700 °C (right). 
 
The EDX measurements exemplified for S 6.1, S 6.3, S 6.6 and S 6.8 calcined at 450 
and 650 C detected the elements Mo, V and Te, whereas the amount of Te and Nb 
were close and even below the detection limit. The element distributions normalized to 
Mo varied depending on the measuring area or spot, but achieved good correlations of 
mean values to the proposed ratio of 1.00:0.36:0.17. The slight deviations are attributed 
to imprecisions of this method caused by its application to non-planar and non-polished 
surfaces. Basically different metal oxide phases and compounds have been formed, 
which contain about 3.5 to 6.2 at% oxygen on average. These results correspond to the 
Chapter 6 
 
107
synergetic effects of catalyst phases with dispersed active species on the surface 
necessary for the selective conversion of alkanes to the desired oxidation product. 
 
The OLM pictures of deposited thick films display homogenous catalyst coatings after 
the preparation being as black as the powder materials (Fig. 6.3). After the calcination 
and measurements the thick films of samples calcined at 450 °C and at elevated 
temperatures appeared grey and grey-black, respectively. The catalyst coatings 
remained undamaged throughout the thermal and mechanical strain of calcination 
procedures and electrical measurements. 
 
 
Figure 6.3:  OLM pictures of S 6.1 to S 6.5 calcined between 450 and 750 °C 
showing homogenous thick films on MES after preparation. 
 
6.3.1.2 Electrical characterization 
By reason of the triple statistical distribution of each catalyst sample on the MES every 
experiment was immediately conducted minimum three times under equal measuring 
conditions. Hence, slight differences in the particular properties of samples can be 
attributed to their variations in microstructure caused by the preparation of thick films. In 
the majority of cases a good reproducibility of impedimetric measurements was 
observed concerning the respective statistical distribution of equally coated positions 
except of two failures in the electrical contacting, i.e. well 35 with S 6.2 and well 75 with 
S 6.6 (Tab. 6.2). In further exemplified measurements toward H2, C3H6 and C2H5OH 
(not specified) the catalyst samples exhibited n-type semiconducting behavior. 
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Table 6.2.  Electrical characterization of selected spray dried MoVTeNbOx 
materials (wells with failure in electrical contacting marked in italic). 
Sample 
material 
Calcination 
temperature 
[°C] 
MES 
position 
Activation 
energy (LF) 
[kJ mol–1] 
Activation 
energy (HF) 
[kJ mol–1] 
S 6.1 450 17, 58, 64 25.66 29.99 
S 6.2 600 35, 41, 82 43.02 35.60 
S 6.3 650 45, 68, 81 96.15 31.96 
S 6.4 700 11, 38, 55 77.82 31.16 
S 6.5 750 12, 48, 65 67.51 30.55 
S 6.6 450 25, 32, 75 37.82 33.04 
S 6.7 600 13, 36, 72 34.82 34.21 
S 6.8 650 14, 46, 71 65.58 31.91 
S 6.9 450 15, 21, 56 22.29 19.78 
S 6.10 600 22, 61, 66 41.99 31.06 
S 6.11 700 42, 47, 73 72.53 33.27 
S 6.12 750 23, 37, 62, 7 83.01 33.61 
 
First, the conditioning of catalysts was conducted for the time-consuming investigation 
of sintering and aging behavior over a period of about 2250 min due to their further 
industrial application. Basically, the single frequency measurements at 100 Hz exhibited 
a proportionately better conductivity for the samples calcined at elevated temperature 
showing resistances of about 5 to 25 and 0.1 to 3.0 kΩ for the samples calcined at 450 
and 600 to 750 °C, respectively. Thereby, mainly constant or slowly drifting resistances 
occurred partly after a run-in phase, while only few samples exhibited a decreasing, as 
e.g. S 6.1 to S 6.3, or increasing tendency, as e.g. S 6.9. 
Then, the range frequency measurements were performed to determine the activation 
energy of catalysts. The admittance Y' = 1/Z’ of S 6.1 and S 6.2 to S 6.5 was found to 
be nearly independent and totally independent on the frequency in the range of about 
101 to 105 Hz, respectively, whereby a strong dependence was observed in the range of 
about 105 to 106 Hz starting at lower frequencies for decreasing calcination and 
increasing measurement temperature. This behavior indicates different properties for 
the more amorphous and the more crystalline samples (see below). The visualization of 
impedance functions in terms of Argand plots generally showed an increasing 
conductivity with increasing temperature as typical for semiconductors (Fig. 6.4). 
Thereby no polarization at the interfaces between electrode and coating was observed 
so that the conductivity is basically of electronic nature as expected for the applied 
moderate temperature. All Argand plots of S 6.1 to S 6.5 displayed two overlapping 
semicircles indicating at least two different contributions to the total conductivity. In case 
of S 6.1 calcined at 450 °C this effect was visible by a smaller and a bigger semicircle in 
the domain of lower frequencies (LF) and higher frequencies (HF), respectively (Fig. 6.4 
top). The figure shows the Argand plots of S 6.1 at 250, 300, 350 and 400 °C and the 
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plots of three equally coated wells 17, 58 and 64 of S 6.1 at 250 °C. The displayed 
variance in Z', which is attributed to inconstancies in film deposition, was found to be 
typical for three equally coated positions, but did not influence a systematic deviation of 
the determined activation energy. In case of S 6.2 to S 6.5 calcined at 600 to 750 °C the 
two semicircles are more associated forming a single asymmetric semicircle, whereas 
the dominant part is located in the LF domain as exemplified for S 6.2 (Fig. 6.4 bottom). 
By a successive increasing calcination temperature, as e.g. S 6.2 to S 6.5 (not shown), 
the total semicircle decreases indicating a higher conductivity and becomes more 
suppressed leading to a more pronounced asymmetry. This effect based on calcination 
temperature reflects a gradually vanishing HF domain, as e.g. about 65 to 3 kΩ from 
S 6.1 to S 6.2 at 250 °C, in contrast to a relative constant LF domain, as e.g. about 25 
to 15 kΩ from S 6.1 to S 6.2 at 250 °C, contributing to the total resistance. Thus, the HF 
and the LF domains can be attributed to the increasing conductivity of bulk grains and 
the increasing resistance of intergrain contacts, respectively, by increasing calcination 
temperature. Both domains related to the properties of microparticulate powders can be 
described by a circuit equivalent consisting of two parallel RC-circuits in series. Since 
the automated data fitting was developed for high-throughput screening purposes the 
use of two RC elements was acceptable. In contrast to the significant influence of grains 
the effect of contacts remains in the same dimension even though the kind and amount 
of intergrain contacts changes from more single once to more multiple once due to the 
rough or rod-shaped microstructure, as e.g. S 6.1 to S 6.3 or S 6.6 to S 6.8, respectively 
(cf. Fig. 6.2). Since the most catalytic surface processes are related to the region of 
intergrain contacts of particles or crystallites, they influence their electrical properties 
and vice versa.  
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Figure 6.4:  Argand diagrams of S 6.1 (450 °C; top) and S 6.2 (600 °C; bottom) 
each toward synthetic air at 250, 300, 350 and 450 °C. 
 
The Arrhenius plots of ln 1/R versus 1/T exhibited discrete activation energies in the 
whole measuring range between 250 and 400 °C indicating a thermally activated 
process under air (Fig. 6.5 and 6.6). In case of the HF domain good correlations to the 
straight lines were observed in contrast to the LF domain, which showed stronger 
scattering of data points. The values of mean activation energy were about 22 to 
96 kJ mol–1, i.e. 0.23 to 1.00 eV, and 20 to 36 kJ/mol, i.e. 0.20 to 0.37 eV, concerning 
the LF and HF domain, respectively (cf. Tab. 6.2). Generally, at least two of three 
equally coated wells exhibited very similar or equal values of activation energy 
emphasizing the reproducibility of the respective experiment. 
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Figure 6.5:  Arrhenius plots of S 6.1 to S 6.4 representing the activation energy of 
HF domain from 250 to 400 °C, respectively (due to scaling well 11 of 
S 6.4 is not displayed). 
 
 
Figure 6.6:  Arrhenius plots of S 6.1 to S 6.4 representing activation energy of LF 
domain from 250 to 400 °C, respectively (due to scaling well 11 of 
S 6.4 is not displayed). 
 
The dependence of the mean activation energy of conductivity from the calcination 
temperature of three differently prepared catalysts, i.e. S 6.1 to S 6.5, S 6.6 to S 6.8 and 
S 6.9 to S 6.12, respectively, is illustrated in Fig. 6.7. The plots of activation energy 
display no significant changes in the values concerning the HF domain, but a 
pronounced increase in the LF domain except of S 6.7. On the one hand the curves of 
S 6.1 to S 6.5 show a maximum for the samples calcined at 650 °C and on the other 
hand the curves of S 6.6 to S 6.8 and S 6.9 to S 6.12 are increasing by increasing 
calcination temperature. Thus, the catalysts calcined above 600 °C exhibit higher 
activation energies for the LF process or domain compared to those calcined from 450 
to 600 °C. 
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Figure 6.7:  Activation energies of all catalysts in dependence of calcination 
temperature plotted separately for LF and HF domain. 
 
6.3.1.3 Catalytic characterization 
The kinetic screening of catalytic performance has been carried out by the industrial 
cooperation partners. Despite their broad consistencies in crystal structure and 
chemical composition the catalyst samples showed significant differences in their 
catalytic performance, since both the synthesis method and calcination temperature 
were varied (cf. Tab. 6.1). When applying the spray drying synthesis no significant 
influence was observed for the variation in mixing sequence or the kind of vanadium 
precursor on the catalytic performance. Additional catalysts prepared via hydrothermal 
synthesis turned out to be less reproducible compared to the applied spray drying and 
resulted in active but non-selective catalysts. During the calcination procedure the 
temperature program was altered in such a manner that the spray dried precursors 
were heated up by a constant heating rate of 3 K min–1 and, then, maintained for 1 h at 
the final temperature varying from 450 to 750 °C. Besides, no considerable dependence 
of initial gassing with either oxygen or nitrogen atmospheres on the catalytic 
performance was observed. 
For the characterization of catalytic performance the spray dried MoVTeNbOx catalysts 
were widely tested as diluted grains, i.e. 0.1 to 0.5 mm, under various conditions due to 
reactor temperature, i.e. TR = 300 to 400 °C, gas composition, i.e. C4/O2 = 0.4 to 1.6, 
and residence time (n.d.) by kinetic screening via off-gas GC (Tab. 6.3). The 
consequence of variation in calcination temperature to the catalytic performance in 
terms of i-butane conversion and MAC selectivity is illustrated for 450 to 750 °C each in 
Fig. 6.8 to 6.12 for reasons of clarity. The non reproducible measuring data are 
withdrawn as empty icons in the diagrams and, thus, not considered by the data fits of 
simple power laws. Basically, high selectivity was achieved at low conversion and, 
contrariwise, high conversion was gained at low selectivity strongly leading to the 
formation of undesired products, as e.g. acetic acid or COx. By comparing the evaluated 
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power functions to each other those of materials calcined at 450 and 600 °C as well as 
at 700 °C and 750 °C appeared very similar. Altogether, the highest selectivity 
throughout the conversion range mainly covering 5 to 50 % were obtained for the 
catalysts calcined at 650 °C amounting up to 57% selectivity at a conversion rate of 
10% (Fig. 6.10). Concerning lower as well as higher calcination temperatures lower 
selectivities at similar conversion rates were observed. The effect of calcination is 
reinforced toward lower conversion levels mainly below 30 %, whereas toward higher 
conversion levels the amount of formed product became to low to differentiate between 
the different groups of catalysts. 
 
Table 6.3.  Catalytic characterization of selected spray dried MoVTeNbOx 
materials (test conditions: 305±5 °C, C4:O2 = 0.4, mCat = 0.2 g). 
Sample 
material 
Calcination 
temperature 
[°C] 
Reaction 
temperature 
[°C] 
Conversion 
[%] 
Selectivity 
[%] 
S 6.1 450 304 44.2 0 
S 6.2 600 300 40.2 0.4 
S 6.3 650 306 4.5 59.9 
S 6.4 700 309 26.8 4.4 
S 6.5 750 309 26.5 4.8 
S 6.6 450 300 34.0 0 
S 6.7 600 300 18.4 0 
S 6.8 650 309 45.8 2.8 
S 6.9 450 304 52.4 0 
S 6.10 600 304 7.3 19.7 
S 6.11 700 309 24.5 5.0 
S 6.12 750 n.d. n.d. n.d. 
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Figure 6.8:  Conversion selectivity behavior of Mo1.00V0.36Te0.17Nb0.12Ox catalysts 
calcined at 450 °C and data fit. 
 
 
Figure 6.9:  Conversion selectivity behavior of Mo1.00V0.36Te0.17Nb0.12Ox catalysts 
calcined at 600 °C and data fit. 
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Figure 6.10:  Conversion selectivity behavior of Mo1.00V0.36Te0.17Nb0.12Ox catalysts 
calcined at 650 °C and data fit (non reproducible data as empty icon). 
 
 
Figure 6.11:  Conversion selectivity behavior of Mo1.00V0.36Te0.17Nb0.12Ox catalysts 
calcined at 700 °C and data fit (non reproducible data as empty icon). 
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Figure 6.12:  Conversion selectivity behavior of prepared Mo1.00V0.36Te0.17Nb0.12Ox 
catalysts calcined at 750 °C and data fit (non reproducible data as 
empty icon). 
 
For a better comparison the data fits concerning the catalysts calcined from 450 to 
750 °C, respectively (cf. Fig. 6.8 to 6.12), are plotted in a single diagram (Fig. 6.13). 
Hence, the significant influence of calcination temperature on the catalytic performance 
regarding conversion and selectivity confirms the statements given above. 
 
 
Figure 6.13:  Conversion selectivity behavior of prepared Mo1.00V0.36Te0.17Nb0.12Ox 
catalysts calcined between 450 and 750 °C in terms of respective 
data fits. 
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Based on the data fits the MAC selectivities at given conversion between 5 and 30 % 
reveal a pronounced maximum toward lower conversion rates for catalysts calcined at 
650 °C (Fig. 6.14). This effect vanishes toward higher conversion rates leading to a very 
slight maximum of 30 % conversion for catalysts calcined at 700 °C probably due to 
less measuring data at the highest temperatures of 700 and 750 °C. 
 
 
Figure 6.14:  MAC selectivities of selected spray-dried Mo1.00V0.36Te0.17Nb0.12Ox 
catalysts depending on calcination temperature between 450 and 
750 °C at given i-butane conversion. 
 
6.4 Conclusions 
For the direct partial oxidation of i-butane to MAC and MAA numerous multi-component 
molybdates have been prepared as alternative catalysts to the conventional Keggin-
type polyoxometalates. All observed sample materials were identical in the overall 
composition of metals Mo1.00V0.36Te0.18Nb0.12Ox but differing in the preparation method, 
i.e. spray drying of solution, and the subsequent calcination procedure, i.e. temperature 
ramp up to 450 to 750 °C. 
The analysis of powder materials by XRD, SEM and EDX revealed mixed phases of 
metal oxides, i.e. basically M1 and M2, and an increasing crystallinity, i.e. maximum at 
about 650 °C, due to the thermal pre-treatment. The catalyst powders mainly consisted 
of spherical particles with increasing amounts of interconnected rods, i.e. diameter up to 
1 µm and length up to 4 µm, by increasing crystallinity. 
The AC electrical characterization was performed on thick films of powder catalysts 
deposited on a MES in terms of the activation energy at different temperatures from 400 
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to 250 °C via HTIS. Thereby, the contribution of two processes, i.e. conductivity of bulk 
grains and intergrain contacts, was proven to the total conductivity. The activation 
energies attributed to the intergrain contacts were found to significantly depend on the 
thermal pre-treatment of catalysts and observed the highest values for catalysts 
calcined above 600 °C. 
The kinetic screening was conducted on grains of catalyst material transferred to a 
fixed-bed flow reactor in terms of the conversion and selectivity under various 
conditions, i.e. reactor temperature, gas composition and residence time, via GC. The 
sequence of precursor solutions and the kind of V source during the synthesis had no 
particular effect on the catalytic performance. However, the catalysts calcined at 650 °C 
showed a significant increase in selectivity toward lower conversion rates and the 
highest MAC selectivity of 57 % at a conversion rate of 10 %. 
The correlation of both characteristics, i.e. the electrical properties under air and the 
catalytic performance under working conditions, showed a good accordance of the 
activation energy of electronic conductivity and the selectivity of catalytic conversion for 
the different prepared catalysts. Thereby, the highest values of both characteristics 
were found for the catalytic materials calcined at elevated temperatures above 600 °C 
with a maximum at 650. Hence, the degree of crystallization, ratio of synergizing phases 
as well as the microstructure influence the appropriate electron and mass transport at 
the catalytic active grain boundaries, which hinders the total oxidation of the feed due to 
the limitation of oxygen and electrons. 
These preliminary results demonstrate that in the following simultaneous electrical and 
kinetic measurements will be a valuable tool in the electrochemical pre-characterization 
due to its catalytic behavior. The better understanding of complex relationship between 
the electrical properties and the catalytic performance of solid catalyst phase is opening 
interesting perspectives to enhance and develop new catalytic materials in the future. 
Beside the one-step partial oxidation of i-butane to MAC also other catalytic conversions 
will benefit from the economic identification of materials with the best conversions and 
selectivities. 
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7 Correlation of Electrical 
Properties and Catalytic 
Performance of Activated 
Ceria/Zirconia in Methane 
Conversion 
 
7.1 Introduction 
The discussion on the global consequences of an anthropogenic greenhouse effect on 
the climate change have shifted the focus of both ecological and economical interests to 
the legacy of fossil fuels caused by mainly the power and fuel sector. [232] 
Consequentially, the impact mitigation of greenhouse gases (GHG) was science-based 
on their global warming potential (GWP) incorporating the absorption of infrared 
radiation and persistence in earth’s atmosphere relative to the potential of CO2 used as 
standard. [264] Thereby, the abatement of most abundant trace gas CH4 with a GWP20 of 
72 on a time horizon of 20 years [265] might rapidly decrease the radiative forcing, [266] 
because its complex atmospheric chemistry makes the anthropogenic CH4 to the most 
prominent driver of climate forcing beside CO2. [267] 
For exhaust catalysis in automobiles via three-way catalysts (TWC) [160,162] a complex 
catalytic system of basically three interacting components is deposited as washcoat on 
metallic or ceramic monolith substrates. [159,164] Therein, the oxidation of hydrocarbons 
(HC) to thermodynamically stable products is mainly performed by platinum group 
metals (PGM), as e.g. Pd and Pt, as active catalysts, [160,166] while the conversion of CH4 
is achieved by single, bimetallic and alloy nanoparticles (NP) even related to co-
metals. [128,268] Among the NP the bimetallic Pd-Pt alloy, i.e. total molar ratio of 2:1 and 
1:1, achieved highest activity, stability and H2O tolerance by forming active PdO. [269-272] 
The active NP are coated on and supported by ceria-based oxides, which serve as 
redox promoter as well as oxygen storage. Besides, the addition of ZrO2 to CeO2 
enhances the catalytic activity of promoter, i.e. Ce4+/Ce3+ redox couple, oxygen storage 
capacity (OSC), high-surface area (HSA) and thermal stability, while single-phased solid 
solutions improve the OSC compared to phase-segregated or microdomained 
ones. [273,274] Consequently, the CexZr1-xO2 (CZ) materials are prepared via e.g. 
surfactant-assisted homogeneous coprecipitation followed by thermal treatment, while 
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the composition has gradually been altered from low, i.e. x ≤ 0.8, to high Zr amounts, 
i.e. x < 0.25, in the past, of which Ce-rich compositions, i.e. x = 0.6 to 0.8, exhibit the 
best performances. [275] The present CZ-doped alumina (ACZ) materials embed such 
CZ into a matrix of Al2O3 in terms of a diffusion barrier to prevent coagulation and 
sintering. [276] The γ-Al2O3 hitherto used as support and bulking material is thermally 
stabilized by e.g. rare earth (RE) elements and enables low precious material 
concentrations and high poison absorption by the achieved high surface areas. [162] 
When comparing various HC with each other their sigmoid light-off curves (LOC) 
demonstrate that their specific light-off temperature (LOT), i.e. temperature of 50 % 
conversion, principally depends on the length and saturation of carbon chain. [12,277] 
Hence, according to its activation energy CH4 exhibits the by far worst conversion of 
about 10% at 400 °C so that the percentage of CH4 related to all other HC substantially 
increases from the raw to the purified exhaust. Today, the exhaust loading and the 
conversion efficiency of catalyst systems are preferably monitored by in situ sensors 
concerning the electrical status of coatings, as e.g. the oxygen loading indirectly by 
zirconia-based λO2-probes. [278] But the oxygen storage or the oxidation state of CZ, i.e. 
degree of oxygen vacancies, can also be detected directly by resistive sensors [279,280] to 
observe the oxidation/reducing front or oxygen depletion zone moving through the 
converter. [281] Beside mainly the oxygen sensing at elevated temperatures also the CO 
selectivity toward other gases, as e.g. HC and H2, was observed for ceria thick film and 
nanowire sensors activated with Pt NP. [282,283] Since the conductivity of chemiresistor 
materials is affected by the chemical reactions of analyte, the activity of catalyst 
materials is caused by the catalytic conversion of reactant at the polycrystalline (near) 
surface. Hence, the temperature of maximum sensor response (TMax) and the 
temperature of 50 % conversion, i.e. light-off temperature (LOT), are reported to 
coincide in case of mainly SnO2 activated by Pd and Pt toward several reducing gases, 
as e.g. H2, C3H8 and CH4. [48-50] Therein, the correlation between the simultaneous 
increasing sensor response and catalytic activity is denoted as cause-effect mechanism 
due to the changing conductivity during the temperature dependent CH4 oxidation. 
However, the most abundant sensor materials, as e.g. n-type semiconductors TiO2, 
ZnO and SnO2, show that their unreactivity due to their electron configuration is not 
necessarily the determining factor. [6] 
The present part of research investigates the potential correlation between the electrical 
properties and the catalytic performances of CexZr1-xO2 (0 ≤ x ≤ 1) and PryZr1-yO2 (PZ; 
y = 0.6) partly activated by Pd-Pt or PdO in respect of their conversion of combustive 
CH4 in automotive TWC. Hence, the materials were electrically characterized as 
chemiresistive thick films via high-throughput impedance spectroscopy (HTIS) by an 
approach primarily designed for the evaluation of gas sensor materials. [27,28] For the 
comparison with realistic conditions the catalytic performance of active washcoats was 
examined in terms of model monoliths via conventional analyses by a kinetic test bench. 
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The correlation of simulated electrical properties with realistic catalytic performance 
would provide a fast and reliable pre-characterization tool for washcoat compositions in 
order to abate the ecologically harmful CH4 and also higher HC in automobile exhaust 
by the TWC technology. 
 
7.2 Experimental Details 
Since no commercial materials of industrial grade have been available the Pd-Pt and 
PdO nanoparticles as well as the CexZr1-xO2 (0 ≤ x ≤ 1) and PryZr1-yO2 (y = 0.6) solid 
solutions were synthesized as close as possible to the industrial standard. The 
(activated) metal oxides were applied in terms of thick films and monolith washcoats in 
the electrical and catalytic characterization, respectively, while commercial γ-Al2O3 was 
used for the preparation of model converters. All applied chemicals and gases were 
used in the supplied quality without further purification, if no specific note is given to the 
contrary. 
 
7.2.1 Synthesis and preparation of (activated) promotors 
The Pd-Pt (1:1) and PdO catalyst NP were synthesized via preparation method, which 
has been self-developed by the academic cooperation partners around P. Mauermann 
at the VKA, RWTH Aachen University. 
For a broad screening of electrical properties toward several reducing gases prevailing 
in exhaust atmospheres, in a first step, different CexZr1-xO2 (x = 0 to 1) materials were 
synthesized basically in 10 % increments, i.e. 0.0, 0.2, 0.4, 0.5, 0.6, 0.7, 0.8 and 1.0, via 
a surfactant-assisted co-precipitation method [275,276] (Tab. 7.1). Thereby, the material 
composition was varied from CeO2 to ZrO2 and labeled from CZ-100 to CZ-00 
according to the intended ceria amount without the synthesis of both CZ-10 and CZ-90. 
Hence, 0.1 M aqueous solutions of both, the metal salts CeCl3·7 H2O (Sigma-Aldrich) or 
also Pr(NO3)2·6 H2O (Aldrich) and ZrOCl2·8 H2O (Sigma-Aldrich) in the stoichiometric 
ratio of desired product as well as the cationic surfactant cetyltrimethylammonium 
bromide (CTAB = C19H42BrN; Fluka) were prepared. Starting with an initial ratio of 
80 mL salt and 100 mL surfactant solution the batch was gradually scaled up to 11.25 
times the size to obtain sufficient homogeneous materials for both, the thick films and 
monolith washcoats. To the combined solutions with a pH of about 6 a 25 % aqueous 
solution of ammonia (KMF Laborchemie Handels GmbH or VWR International) was 
added to cause precipitation at a pH of about 11.5. The resulting suspension was 
vigorously stirred and heated up to 95 °C for aging before the precipitate was 
subsequentially filtered off, washed, dried and grinded. 
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Table 7.1: Preparation parameters of CZ materials for HTIS screening (positions 
considered for OSC experiments marked in bolt, while positions 62, 
75, 84 and 86 remained uncoated). 
Sample 
material 
Chemical 
composition 
Calcination 
procedure 
[°C-h] 
Catalyst 
loading 
MES 
position 
700-12  28, 53, 85 CZ-00 ZrO2 900-2  37, 43, 78 
700-12  17, 58, 64 CZ-20 Ce0.2Zr0.8O2 900-2  18, 23, 54 
700-12  45, 68, 81 CZ-40 Ce0.4Zr0.6O2 900-2  35, 41, 82 
700-12  12, 48, 65 
900-2  11, 38, 55 
700-12 3.5 % PdO 24, 67, 74 
CZ-50 Ce0.5Zr0.5O2 
900-2 3.5 % PdO 27, 31, 63 
700-12  13, 36, 72 CZ-60 Ce0.6Zr0.4O2 900-2  25, 32, 76 
700-12  15, 21, 56 CZ-70 Ce0.7Zr0.3O2 900-2  14, 46, 71 
700-12  42, 47, 73 
900-2  22, 61, 66 
700-12 3.5 % PdO 16, 44, 88 
CZ-80 Ce0.8Zr0.2O2 
900-2 3.5 % PdO 34, 51, 87 
700-12  33, 77, 83 CZ-100 CeO2 900-2  26, 52, 57 
 
Besides, for an individual characterization of electrical properties and catalytic 
performance further activated CZ-60 also PZ-60 materials, i.e. PryZr1-yO2 (y = 0.6), were 
likewise synthesized in bulk after a stepwise up-scaling of synthesis (Tab. 7.2). 
 
Table 7.2: Preparation parameters of catalyst systems applied to IS and LOT 
experiments (no γ-Al2O3 applied in case of chemiresistors). 
Catalyst 
Sample  
material 
Chemical 
composition 
Calcination 
procedure 
[°C-h] 
Element 
(ratio) 
Load 
[g ft3] 
γ-Al2O3 
supplier 
S 7.1 Ce0.6Zr0.4O2 700-12 Pd-Pt (1:1) 122.1 Grace 
S 7.2 Ce0.6Zr0.4O2 700-12 PdO 120.2 Grace 
S 7.3 Pr0.6Zr0.4O2 700-12 Pd-Pt (1:1) 119.2 Grace 
S 7.4 Pr0.6Zr0.4O2 700-12 PdO 119.2 Grace 
S 7.5 w/o w/o Pd-Pt (1:1) 120.0 Sasol 
S 7.6 w/o w/o PdO 121.0 Sasol 
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In a second step. the obtained pale yellow CZ and pale ochreous PZ powders were 
homogenated by thermal treatment to yield solid solutions [276]. During both calcination 
procedures, which were realized with a step at 400 °C for 1 h and a final temperature of 
700 °C for 12 h or 900 °C for 2 h (cf. Tab. 7.1 and 7.2), by a muffle furnace (Nabertherm 
Program Controller C 42, Nabertherm GmbH), the powders significantly lost weight and 
specific surface area. 
The activation of calcined oxides by catalyst NP was conducted via wet impregnation 
method, which has been self-developed by the cooperation partner. Beside 100 mL 
aqueous suspensions of promoter CZ or PZ (150 g L-1) and in case of washcoats 
commercial La-stabilized γ-Al2O3 (Grace and Sasol) in the weight ratio of 1:4, also 
258 mL methanolic dispersion of catalyst NP (2.5 g L-1) were prepared. The combined 
solutions were stirred for 10 h, filtered, dried and calcined at 500 °C for 1 h with a 
heating rate of 3 °C/min to result in pale yellow powders. 
 
7.2.2 Preparation of chemiresistive sensors 
For deposition of thick films consisting of about 0.6 mg sample material special Teflon 
reactors (cf. Fig. 3.5) [25,196] were fixed on top of respective multielectrode substrate 
(MES, cf. Fig. 3.6) [29,30,41,45] or single electrode substrate (SES, cf. Fig. 3.1) [43,44] and 
sealed against it by O-rings forming sample positions at each IDE position called well. 
Then, 50 µL of each ethanol and aqueous suspension of sample with about 12.5 g L-1, 
which was previously grinded with polyethyleneimine (PEI), were consecutively pipetted 
into each well. In case of MES the particular suspension was statistically applied three 
times to eliminate potential temperature and/or gas gradients inside the furnace as well 
as potential failures in the electrical contacting (cf. Tab 7.1). The substrates were dried 
and, then, calcined by a muffle furnace (Nabertherm Program Controller C 42, 
Nabertherm GmbH) to remove organic residues and prevent sintering processes during 
the measurements.  
7.2.3 Preparation of catalytic converters 
Since honeycomb ceramic monoliths are more advantageous compared to corrugated 
metallic monoliths by strongly enlarging the HSA in respect of the high space velocity of 
exhaust gas, within this study cordierite, i.e. 2 MgO·2 Al2O3·5 SiO2, monoliths of about 
35.0x35.0x75.0 mm in size (400 cpsi; 4 mil; Corning Inc.) were used due to their 
physical properties. [164] For the coating of model converters a washcoat slurry was 
composed of 60 g activated storing and bulking material as well as 3 mL concentrated 
acetic acid (96%, Alfa Aesar) diluted in 87 mL H2O. The resulting mixture was grinded 
with 1 kg of 5 mm Y-stabilized Zr beads in a ball mill (self-developed roller tracks) for 
1 h to yield viscous washcoat slurries. The ceramic bodies were coated with the 
washcoat via dip impregnation, at which all canals of body were completely filled up and 
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the excess of slurry was removed by compressed air. Finally, the coated monolith body 
was dried and, then, calcined in a furnace (Nabertherm) at 550 °C for 2 h with a heating 
rate of 3 °C/min. 
 
7.2.4 Structural characterization of catalyst and promotor materials 
The nanoparticular PGM catalysts, i.e. Pd-Pt and PdO nanoparticles, were analyzed via 
high resolution transition electron microscopy (HRTEM) by the cooperation partner. 
The calcined CexZr1-xO2 and PryZr1-yO2 materials were routinely analyzed concerning 
their structure and phase via X-ray diffraction (XRD) by a Huber Image Plate (Huber 
GmbH) equipped with a Guinier Image-Foil camera (Ge monochromator; CuKα1 
radiation; λ = 1.54059 Ǻ) on thin films in transmission mode. Additionally, the 
microstructure and morphology of materials were examined via field emission scanning 
electron microscopy (FE-SEM) by a ZEISS DSM 982 Gemini and a LEO Supra 35 VP 
(both Carl Zeiss SMT AG) for samples previously sputtered with carbon. Then, the HSA 
of selected materials were investigated via Brunauer-Emmet-Teller surfaces (BET) by a 
respective furnace (Gemini 2360, Micromeritics GmbH) in N2. Moreover, exemplarily 
analysis of elemental composition and distribution was conducted via energy dispersive 
X-ray spectroscopy (EDX) by the mentioned FE-SEM equipped with an INCA 
Energy 200 (Oxford Instruments; SiLi crystal; 133 eV; 10 mm2). Finally, the 
crystallization degree was exemplarily visualized via high resolution transition electron 
microscopy (HRTEM) by a Tecnai G2 F20 (FEI) for samples previously prepared on 
holey carbon foil (Plano). 
 
7.2.5 Material screening of electrical properties  
For the rapid material screening of different oxide compositions the HTIS approach 
(cf. Fig 3.7) [29,30,45] consisting of gas supply, measuring station, instrument equipment 
and data base accelerated all time-consuming steps by a high degree of automatization 
and parallelization, while solely varying selected parameters. [27-30,45] The admixing of 
desired gas atmospheres was based on certified test gases (Westfalen, Messer 
Grießheim and Praxair) under a constant volume flow and dry conditions, i.e. 100 sccm 
and 0 % relative humidity (RH), respectively.  
The preliminary aging of samples on MES for 1100 min was monitored by spot 
measurements at 100 Hz and carried out at 600 °C to counteract potential sintering 
effects and to reach equilibration states.  
During the material screening conditioning phases under reference gas, i.e. 10 % O2 in 
N2, were conducted for 120 min at the highest and 90 min at every lower temperature 
between 600 to 150 °C in 50 °C steps. An alternating reference and analyte gassing, 
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i.e. 450 ppm CH4, 250 ppm C3H6, 100 ppm C2H5OH, 250 ppm CO, 5 ppm NO2 and 
50 ppm H2 balanced as reference, was applied for 30 min each as test sequence.  
For the investigation of OSC the dynamic sensor response of 6 selected wells on MES, 
i.e. CZ-00, (activated) CZ-50, (activated) CZ-80 and CZ-100 (cf. Tab. 7.1), was 
investigated over minimum 10 cycles of tripartite test gas sequence consisting of N2, O2 
and CO, i.e. 4000 ppm analyte in reference N2 each. While the atmosphere was 
changed every 10 s, shot measurements at a single frequency, i.e. 30, 100 and 200 Hz, 
were conducted nearly each second to monitor the material resistances between 600 to 
450°C.  
 
7.2.6 Individual characterization of electrical properties  
For the consecutive characterization of selected materials the established IS approach 
(cf. Fig. 3.3) [43,44] composed of gas supply, measuring chamber and instrument 
equipment was modified concerning the internal volume of recipient, i.e. miniaturization 
to about 2.170 cm3. The test atmospheres and thick films were provided and deposited 
in the same manner and under the same conditions as those reported for the HTIS and 
MES, respectively. Hereby, SES sealed to corresponding Teflon reactors were used for 
the deposition of thick films via dispersion technique. Due to the very high resistances of 
semiconductor films an extended measuring range, i.e. up to 1014 Ω (± 1 %), was 
provided by a combination of impedance analyzer and dielectric interface (SI 1260 and 
SI 1296, both Solartron Group Ltd.). Generally, equal batches of support material were 
used for both the preparation of chemiresistor films and monolith washcoats to enable 
the comparison of the electrical and catalytic properties (cf. Tab. 7.2). 
For the electrical characterization CZ-60 activated by 4.3 % Pd-Pt, i.e. S 7.1, was 
initially studied in the supported form by mixing 20 wt% CZ with 80 wt% industrial 
γ-Al2O3 to test the real washcoat composition. After this very first feasibility testing, 
exclusively pure CZ and PZ were used for the IS measurements (0.01, 0.1 or 1 to 
108 Hz, 0.5 V rms, 25 points/decade), while the resulting spectra were illustrated as 
Argand plots. During the feasibility testing a conditioning under synthetic air was 
performed for 15 min at every temperature from 200 to 600 °C in 50 °C increments. The 
influence of ambient oxygen was studied after gassing with atmospheres containing 0 to 
70 % O2 in N2 each for 30 min at 350 °C. For the comparison of HC influence the 
reference, i.e. 10 % O2 in N2, as well as 450 ppm CH4 and 100 ppm C2H5OH were 
applied for 30 min as well as 15 min, respectively, at 250 to 650 °C in 100 °C steps. All 
following experiments were performed by using the same reference atmosphere, i.e. 
5 % O2 in N2, as applied at the kinetic test bench as well.  
For the evaluation of temperature dependent sensor response (SR) toward CH4, i.e. 
Tmax, several pure activated CZ and PZ materials, i.e. S 7.1 to S 7.6, were investigated 
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(cf. Tab. 7.2). In further control experiments S 7.2 was also tested without NP activation 
under the identical conditions as before. In advance, the experimental parameters, as 
e.g. the applied CH4 concentration, response and recovery times etc., were investigated 
by using S 7.1 in terms of consecutive measurements at 300 °C. Hence, after an initial 
condition period, i.e. more than 12 h, the reference, i.e. 5 % O2 in N2, and analyte, i.e. 
475 ppm CH4 balanced by reference, were applied for 30 and 5 min, respectively, while 
the temperature was incrementally varied between 200 to 470 °C in 15 °C steps. The 
impedance was measured (1 to 107Hz, 0.5 V rms, 25 points/decade) and the recorded 
spectra fitted by two parallel RCPE circuit equivalents in series to obtain two values 
each for the ohmic resistance RFit of material and geometric capacitance CFit of 
electrode (cf. Fig. 3.9). 
 
7.2.7 Characterization of catalytic performance 
For the evaluation of catalyst activity typically LO tests are performed by measuring the 
conversion of reactant, while constantly increasing the temperature of model converter. 
The resulting sigmoid LOC show the temperatures of both LO and total conversion and 
enable calculation in respect of the kinetic effects. The respective experiments were 
conducted at a kinetic test bench operated by the cooperation partner using 250 ppm 
CH4 in 5 % O2 with 0 % humidity, while the space velocity (SV) was 35000 h-1. 
 
7.3 Results and Discussion 
7.3.1 Structural characterization of catalyst and promoter materials 
The prepared PGM catalyst NP and calcined oxygen storage powders were routinely 
analyzed in order to ensure a consistent high standard of quality for the comparison of 
electrical properties with catalytic performances. However, the material batches of 
identical synthesis and preparation were applied for both chemiresistor films and 
washcoat monoliths except of the addition of industrial γ-Al2O3 in the latter case. 
The size analysis of active catalyst by (HR)TEM imaging visualizes that the PGM 
catalysts, i.e. Pd-Pt (1:1) and PdO, basically consist of discrete and homogeneous NP 
with mean diameters of about 2 to 4 nm as illustrated exemplarily in case of Pd-Pt NP in 
Fig. 7.1. 
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Figure 7.1:  TEM image of Pd-Pt (1:1) NP (provided by cooperation partner). 
 
Regarding the structure of CexZr1-xO2 (x = 0 to 1) stoichiometric due to their pale yellow 
color [274,284] the X-ray diffractograms of calcined oxides exhibited basically single 
phases. The composition was found to exhibit a slight excess of Ce compared to the 
data given by the Inorganic Crystal Structure Database (ICSD), since no internal 
standard was applied. Thereby, calcined batches of both same and different size 
showed equal peak positions and relative intensities confirming the reproducibility of 
applied synthesis and preparation methods during the up-scaling process. The series of 
diffractograms, i.e. CZ-00 to CZ-100 mainly in 10 % increments, exhibits a linear peak 
shift of about 4.1 °Θ to lower values for rising Ce amounts (Fig. 7.2). However, no 
reliable pattern fitting for Rietveld refinements and Vegard’s law was reasonable to 
evaluate the homogeneity of compositions and presence of solid solutions, respectively, 
due to the relative few and broadened peaks. The peak broadening is caused by the 
small crystallite size providing shorter response time and higher catalytic activity [285,286] 
due to the increase in lattice defects as oxygen vacancies and grain boundaries as well 
as HSA as interface between surface and reactant [274]. Moreover, the absence of 
significant peak asymmetries indicates that less nanoscaled heterogeneities of CZ 
solutions, i.e Zr-enriched domains in Ce-enriched matrix [287], have been formed upon 
the calcination of metastable solutions. [273] The crystallite size was exemplarily 
determined to amount about 5 to 25 nm by graphical and computer-assisted methods 
(WinXPow) via the Scherrer formula, since the nuclei formation and aggregation rate 
during the coprecipitation synthesis is hardly controllable. Although the XRD analysis is 
insufficient to detect microdomain heterogeneities herein their application appears 
adequate to compare collective properties of bulk materials, since both the thick films 
and converter coatings of particular composition were based each on the very same 
batch. 
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Figure 7.2:  XRD pattern of CexZr1-xO2 (x = 0 to 1) materials, i.e. CZ-00 to CZ-100, 
calcined for 2 h at 900 °C. 
 
The surface morphology and particle size of calcined materials was visualized via SEM 
micrographs displaying porous microstructures of interconnected primary nanoparticles 
of exemplified S 7.1 and S 7.2 (Fig. 7.3 top). The size of spherical particles was visually 
inspected to be about 25 nm or less despite of the relative low resolution of micrographs 
due to the rough HSA and poor conductance of sample materials. The element 
composition and distribution was monitored by EDX revealing homogeneous materials 
of respective composition within the range of device precision. The surface crystallinity 
was exemplarily imaged by TEM micrographs showing agglomerations of crystalline 
areas with congruent sizes to those calculated from the diffractograms (Fig. 7.3 bottom). 
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Figure 7.3:  SEM micrographs (top) and TEM images (bottom) of S 7.1 (left) and 
S 7.2 (right) calcined for 12 h at 700 °C. 
 
The applied calcination temperatures and periods were adjusted to achieve crystalline 
storage materials featuring HSA, i.e. BET values between 100 to 200 m2/g, while 
simultaneously avoiding segregation of cations above 1000 °C. The two selected 
thermal treatments, i.e. 700 °C for 12 h and 900 °C for 2 h, yielded to similar pore 
diameters, pore volumina, specific surfaces and BET values between 160 to 230 m2/g 
and 20 to 45 m2/g, respectively. Exemplarily BET values could by adjusted by 
comparison to discrete particle sizes, i.e. 87 m2/g to about 10 to 13 nm and 285 m2/g to 
less than 4 nm. 
Altogether, the conducted material analyses revealed a good reproducibility of material 
properties concerning to the experimental design and upscaling process. Furthermore, 
the viscous activated washcoat suspensions exhibited a d50-value of 2.78 µm by 
determining the particle size distribution and the model catalysts were conform in their 
fluidic properties and the Thiele Modul. 
 
7.3.2 Material screening of electrical properties 
The pure ceria is basically a mixed ionic and electronic conductors (MIEC) though the 
electrical conductivity is prevailing in nanocrystalline ceria and increases, while the 
particle size decreases due to the density of grain boundaries [288]. Thereby, the 
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predominantly electrical conducting ceria and zirconia are providing converse directions 
of conductivity change, i.e. p-type and n-type semiconductors, and large band gaps, i.e. 
4 to 5 and 5 to 6 eV, respectively [6]. 
For the broad material screening of electrical properties a series of 20 samples ranging 
from pristine CZ-00 to CZ-100 basically in incremental steps of 10 % and besides, 
CZ-50 and CZ-80 activated by 5 % PdO was tested toward their feasibility (cf. Tab. 7.2). 
All these compositions each calcined by two different procedures, i.e. 700°C for 12 h 
and 900°C for 2 h, were deposited three times each in a statistical manner on the MES, 
while four wells remained uncoated to serve as reference and to avoid deficit 
contacting. 
During the preliminary annealing, i.e. 600 °C for 1100 min, the thick films exhibited 
slight constant drifts resulting in high base resistances, i.e. 0.3 to 9*106 Ω except of CZ-
20 calcined for 12 h at 700 °C and reference, i.e. 13 to 15*106 Ω, while identical 
materials showed similar values. The base resistances showed a trend to higher values 
for equivalent compositions except of CZ-00 and CZ-20 calcined for 12 h at 700 °C, but 
they were not subject to the calcination process or catalyst loading. Hence, the 
inconsistencies are owing to variations in the respective morphology of thick film. 
Regarding the material screening the Argand plots of impedance spectra revealed 
simple, slightly suppressed semicircles, whose fitting by an individual parallel RC-
element was found to be sufficient to simulate their electrical properties. Generally, the 
quality of data and, thus, validation of fits strongly increased by rising temperature and 
frequency due to the conductivity of semiconducting materials. Several test analytes 
were applied, since many oxidants and reductants, as e.g. H2O, CO2, CO, HC or H2, are 
reported to interact with the CeO2 moiety in continuously changing reaction 
conditions. [171] An overview about the complete screening toward the sequence of 
analytes, i.e. 450 ppm CH4, 250 ppm C3H6, 100 ppm C2H5OH, 250 ppm CO, 5 ppm 
NO2, 50 ppm H2, and sequence of operating temperatures, i.e. 600 to 150°C, is 
visualized by a Trellis plot (Fig. 7.4). The plot displays pronounced sensitivities toward 
the hydrocarbons C3H6 and even more C2H5OH at temperature between 350 to 550 °C 
and also, good recovery behavior on the time scale of experiments. The ceria 
containing oxides exhibited n-type semiconducting behavior toward these reducing 
analytes in accordance with the evaluation of RSR (cf. Eq. 3.1 and 3.2). The highest 
sensitivities are displayed for the Ce-rich compounds, i.e. highest for CZ-100 at 350 to 
450°C, while nearly no sensitivities are shown in case of CZ-00 materials. In contrast, 
CH4 did not provoke any significant response in the investigated temperature range, 
since its oxidation is expected at higher temperatures compared to the higher HC 
reflecting the difference in chemical reactivity. The absence of any CH4 sensitivity might 
indicate a different mechanism, which is also represented by the respective LOC, even 
if selectivity is of no interest in the TWC conversion. 
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Figure 7.4:  Trellis plot of material screening showing RSR toward sequence of 
analyte and reference atmospheres at 300 to 600 °C (uncoated wells 
appear black). 
 
The influence of test gas sequence, i.e. analyte and reference gassing, is illustrated by 
fingerprints at a particular temperature, which generally confirmed the above given 
statements as exemplified for 500 °C (Fig. 7.5). Moreover, equally coated but 
statistically distributed sample positions show similar pattern demonstrating the 
reproducibility of respective experiments. Altogether, the validation of data fits increased 
by rising temperature due to the scattering of data resulting in the best profiles 
concerning 500 to 400°C.  
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Figure 7.5:  Fingerprint of material screening showing RSR toward sequence of 
analyte and reference atmospheres at 500 °C (calcination procedure 
labeled by respective temperature and activated materials marked by 
#, while uncoated wells appear empty). 
 
The changing amount of oxygen defects in the ceria lattice depending on the ambient 
oxygen content is a measure for its intrinsic catalytic potential, [286] because a drop in 
the OSC signals a deactivation of catalytic performance. [171] There are two different 
methods, i.e. the measurement of dynamic OSC via kinetic control and total OSC via 
thermodynamic control, to investigate the exchange of oxygen between catalyst and 
exhaust, while the AFR oscillates with about 1 Hz. [171] 
For the material screening of dynamic OSC selected thick films of coated MES were 
sequentially tested toward their dynamic resistance by using a continuously switching 
gas sequence of reference gas, i.e. N2, as well as oxidizing and reducing agent/analyte, 
i.e. 4000 ppm O2 and 4000 ppm CO each in N2 (Fig. 7.6). The spot measurements at a 
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single frequency revealed fast increases of resistance under O2 and decreases under 
CO gassing compared to the reference state under N2 at 600 to 450°C. Since the 
periods of gassing were too short to reach equilibrium states of total OSC, the minimum, 
average and maximum values in respect of CO, N2 and O2 atmospheres were taken 
into consideration. Altogether, CZ-100 showed the best performance of selected 
materials especially at the highest temperatures presumably due to the fact that it was 
also the most conductive material. The detected change in resistance can be assigned 
to the incorporation or rather removal of lattice oxygen caused by the oxidizing or 
reducing analyte, i.e. O2 or CO prevailing at the material surface. Since the contribution 
of lattice oxygen to the material resistance can be measured via IS, the further research 
was focused on the influence of CH4 on the electrical material properties. 
 
 
Figure 7.6:  Resistance change of CZ-100 under O2 and CO gassing compared to 
reference state under N2. 
 
7.3.3 Individual characterization of electrical properties 
After the IS method was proven feasible via the HTIS approach the continuative 
investigations were carried out by using the combination of SES chips (cf. Fig. 3.1) [43,44] 
and IS working station featuring a measurement range extension (cf. Fig. 3.3) [43,44] due 
to the very high resistances of thick films. Experiments at significantly lower 
temperatures of 200 to 450 °C, i.e. in the range of most HC LOT, [12] would enable the 
comparison of sensor response with catalytic performance. Before the evaluation of 
LOT, the material properties, i.e. measuring feasibility, oxygen influence, hydrocarbon 
sensitivity, responding behavior etc., were studied to estimate the essential measuring 
parameters. 
The feasibility testing of real washcoat composition was conducted by using the 
supported S 7.1, i.e. CZ-60 activated by 4.3 % Pd-Pt, in terms of 20 wt% S 7.1 and 
80 wt% industrial γ-Al2O3 (cf. Tab. 7.2). 
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Due to the high amount of Al2O3 the supported catalyst gave only poor impedance 
spectra below 300 °C. The Argand plots showed a suppressed semicircle with a rising 
loop at low frequencies in case of temperatures equal or higher than 350 °C indicating 
inductive behavior. In contrast the pure S 7.1 material without bulking Al2O3 revealed 
well-structured IS spectra under synthetic air over the complete temperature range from 
200 to 600 °C and a pronounced temperature dependence of conductivity as expected 
for semiconductors. The Argand plots revealed two suppressed semicircles, i.e. a big 
and a relative small one, at high frequencies (HF) and low frequencies (LF), 
respectively, indicating two contributions to the electrical conductivity (Fig. 7.7). Later on 
the two effects will require fitting by two RCPE circuit equivalents in series, since the 
centers of semicircles are located below the x-axis. 
 
 
Figure 7.7:  Argand diagrams of S 7.1 under synthetic air at temperatures from 
200 to 600 °C (due to scaling some data are not displayed). 
 
The oxidation of ceria is reported to occur fast and deep into the bulk material even at 
room temperature, whereas the reduction typically takes place above 200°C [171]. 
Concerning S 7.1 the content of ambient oxygen, i.e. 0 to 70 % O2 in N2, caused a 
much bigger effect on the conductivity in case of lower oxygen concentrations and 
reached saturation in case of higher concentrations at 350 °C (Fig. 7.8). Thereby, the 
material resistance increased with increasing ambient oxygen in 10 % increments 
caused by the vanishing of oxygen vacancies, whereas the recovery times were much 
longer. Hence, the oxygen content of test atmospheres was adjusted to 5 % during the 
IS measurements of responding behavior and sensor response in accordance to the 
LOT experiments at the kinetic test bench. In contrast no detectable influence on the 
conductivity was found for the supported S 7.1. Thus, in the subsequent IS experiments 
only pure CZ samples were used, a circumstance, which restricts this method on the 
(activated) oxygen storage compound of washcoat, but also makes it to the solely 
subject of investigations.  
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Figure 7.8:  Argand diagrams of S 7.1 under variable oxygen content from 0 to 
70 % at 350 °C. 
 
The influence of two different HC, i.e. CH4 and C2H5OH, on S 7.1 was tested in a 
temperature range 250 to 650 °C in 100 °C steps to estimate whether there is a 
detectable effect of CH4. The sensitivity observed toward 450 ppm CH4 was relative 
weak compared to those monitored toward just 100 ppm C2H5OH applied for 15 min 
each (Fig. 7.9). The figure shows a comparison of impedance spectra concerning two 
separate experiments, so that the similarity of values obtained under reference 
atmosphere underline the reproducibility of experiments. The Tmax was visually located 
around 350 °C for CH4 and below 250 °C for C2H5OH reflecting the different conversion 
rates and reactivities of both HC. The different temperatures of Tmax toward C2H5OH, i.e. 
450 °C and below 250 °C, obtained by the HTIS and IS approach can be attributed to 
the wide incremental steps and differences in the measurement set-ups, i.e. sample 
treatment, space velocity, quality of data etc. 
 
 
Figure 7.9:  Argand diagrams of S 7.1 at 350 °C comparing two experiments 
under reference gas and test analyte C2H5OH or rather CH4. 
 
In accordance with the determination of LOC and LOT at the kinetic test bench similar 
experiments were arranged for the IS approach to find a correlation between the 
electrical properties, i.e. ASR and RSR, and the catalytic performance. Several basic 
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experiments using S 7.1 were carried out at 300 °C in advance to estimate the influence 
of mean parameters. Hence, the initial conditioning period to reach sample environment 
equilibrium under reference gas, i.e. 5 % O2 in N2, was adjusted to more than 12 h, the 
conditioning time under reference at every higher temperature to 30 min, the analyte 
concentration to 475 ppm CH4 balanced by reference and the response time toward 
analyte to 5 min. The short response and relative long recovery times indicate a fast 
reaction of surface (near) oxygen with the analyte, but much slower restoring of lattice 
oxygen from the ambient atmosphere. The long equilibrium and conditioning times can 
be counteracted by application of HTE in the future, which will accelerate and adjust 
these periods to the respective reaction rates at every temperature. Based on these 
results the temperature dependent SR and its Tmax toward CH4 were estimated using 
CZ-60 and PZ-60 both activated by 4.3 % of Pd-Pt and PdO each, i.e. S 7.1 to S 7.4, 
between 200 to 470 °C in 15 °C increments (cf. Tab. 7.3).  
 
Table 7.3: Electrical and kinetic characterization parameters of catalyst systems 
applied to IS and LOT experiments (calcined for 12 h at 700 °C, no γ-
Al2O3 applied in case of chemiresistors). 
RSR ASR Sample  
material 
Chemical 
composition 
Catalyst 
element 
(ratio) 
Tmax 
[°C] 
Tmax 
[°C] 
LOT 
[°C] 
S 7.1 Ce0.6Zr0.4O2 Pd-Pt (1:1) 343.5 344.0 326.0 
S 7.2 Ce0.6Zr0.4O2 PdO 356.5 354.0 316.5 
S 7.3 Pr0.6Zr0.4O2 Pd-Pt (1:1) n.d. n.d. 313.5 
S 7.4 Pr0.6Zr0.4O2 PdO n.d. n.d. 336.5 
S 7.5 w/o Pd-Pt (1:1) n.d. n.d. 319.5 
S 7.6 w/o PdO n.d. n.d. 292.5 
 
The activated S 7.1 (CZ-60 with Pd-Pt) and S 7.2 (CZ-60 with PdO) exhibit pronounced 
RSR with maxima of about 0.27 and 0.50 around 350 °C as well as Tmax of about 343.5 
and 356.5 °C, respectively, due to the size of incremental steps applied (Fig. 7.10)Thus, 
the sensitivity of material impregnated with Pd-Pt catalyst is about twice as high than 
those activated by PdO and, thus, the Tmax is shifted for about 13 °C to lower 
temperatures indicating a higher activity in the oxidation of CH4 under the prevailing 
conditions. 
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Figure 7.10:  Relative sensor responses of S 7.1 and S 7.2 from 200 to 455 °C for 
the evaluation of Tmax. 
 
The ASR of activated S 7.1 and S 7.2 are basically showing the same behavior also 
resulting in maxima of about 1.37 and about 1.98 at 350 °C and Tmax of about 344.0 and 
354.0 °C, respectively (Fig. 7.11). Though the ASR is generally leading to higher values 
compared to the RSR, the difference in behavior appears less significant but is leading 
to shift in Tmax of about 10 °C. The decreasing quality of RSR and ASR curves toward 
lower temperatures, i.e. less than 250 °C, is affected by an uncreasingly scattering of IS 
data and, thus, correctness of automated data fits. 
 
 
Figure 7.11:  Absolute sensor responses of S 7.1 and S 7.2 from 200 to 455 °C for 
the evaluation of Tmax. 
 
On the contrary both PZ-60 based materials, i.e. S 7.3 (PZ-60 with Pd-Pt) and S 7.4 
(PZ-60 with PdO), showed no influence of analyte on their electrical properties, 
confirming that the IS method is bound to the electrical properties or CH4 sensitivity of 
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oxygen storing CZ materials. In an additional control experiment S 7.2 was also 
prepared and tested under the identical conditions and parameters, but without any NP 
activation. Hence, this sample material was not showing any sensitivity toward CH4 
emphasizing the interactive system of PGM catalyst and oxygen storing support. 
 
7.3.4 Characterization of catalytic performance 
For the characterization of catalytic performance a series of 6 model monoliths was 
tested under close-to-reality conditions via a kinetic test bench by the cooperation 
partner. Therefore, S 7.1 to S 7.6, i.e. CZ-60, PZ-60 and γ-Al2O3 each activated by Pd-
Pt (1:1) and PdO NP were applied for the preparation of washcoat (cf. Tab. 7.2). The 
monoliths were washcoated with slurries prepared from 20 wt% OSC material and 
80 wt% commercial γ-Al2O3 of industrial grade or rather 100 wt% γ-Al2O3, whereas the 
discrete CZ and PZ compositions were based on the very same synthesis batches as 
applied for the preparation of chemiresistive films to enable a proper comparison. The 
obtained LOC toward 250 ppm CH4 in 5 % O2 in a temperature range between 150 and 
500 C were used for the LOT determination of respective catalyst system (Fig. 7.12). 
Thereby, S 7.2 reveals a better catalytic behavior than S 7.1 with a lower LOT of about 
315.0 °C compared to about 325.0 °C, while S 7.3 gives the lowest LOT of about 
312.5 °C compared to S 7.4 with the highest LOT of about 335.0 °C (cf. Tab. 7.3). 
Moreover, S 7.6 without OSC fraction obtains the significantly best behavior having a 
LOT of about 292.5 °C, while S 7.5 is similar to S 7.1 and S 7.2 with a LOT of about 
319.0 °C.  
 
 
Figure 7.12:  Light-off curves of S 7.1 to S 7.6 between 150 and 500 °C for the 
evaluation of light-off temperatures (left) and enlarged detail (right). 
 
Despite obvious similarities between chemical sensing and heterogeneous catalysis the 
sensor performance is not only determined by its catalytic activity as known from many 
Chapter 7 
 
139
n-type semiconducting chemiresistors. [6] Hence, the sensitivity and selectivity of 
chemiresistors is determined by surface and bulk reactions causing a change in 
electrical properties due to the contribution of lattice oxygen. This change in the material 
resistance detectable via IS indicates the reduction of surface in case of CH4 but not its 
conversion rate. In the present system the oxidation of analyte is coupled to the catalytic 
reaction at the interface of the PGM NP and its oxygen storing support, so that catalytic 
effect correlates with the electrical or sensing properties. The shift of the temperature of 
Tmax in respect of the LOT amounts to about 25 to 30 °C toward higher temperatures.  
From the enhancement of converter washcoats with respect to the catalytic conversion 
of unreactive CH4 also all other oxidations of unburnt CHs will benefit, since in mixtures 
of components the most inert one is determining the rate of total oxidation. Hence, the 
CH4 conversion provides a benchmark for the evaluation of total catalytic activity toward 
VOCs except of halogenated HC [128] and, thus, its improvement will lead to an 
enhanced performance of TWC at even lower temperatures. Further, the IS method will 
probably open up the possibility to monitor the performance and aging of catalytic 
converters in the future. 
 
7.4 Conclusions 
The present research part demonstrates the feasibility of IS approach to evaluate the 
electrical properties of redox and oxygen storage promoter (without bulking alumina) 
concerning the conversion of CH4 in the washcoat of TWCs. For that purpose various 
Pd-Pt and PdO activated CexZr1-xO2 (x = 0 to 1) and CeyPr1-yO2 (Y = 0.6) solid solutions 
were synthesized via surfactant-assisted coprecipitation, thermally treated via 
calcination procedure and catalytically-activated by Pd-Pt and PdO NP via wet-
impregnation. 
The obtained materials were applied in form of chemiresistors, i.e. thick films on the IDE 
of MES via HTIS and SES via IS primarily designed for the impedimetric 
characterization of potential gas sensor materials. The initial HTIS screening toward 
typical exhaust analytes, i.e. CO, NO2 and H2, revealed pronounced sensitivities and 
selectivities of Ce-rich materials toward the applied hydrocarbons C2H5OH and C3H6 but 
not CH4 according to their conversion rates in TWCs. The consecutive IS investigations 
of selected samples focused on the sensor response toward CH4 and the temperature 
of SRmax. For comparison with close-to-reality conditions the electrical properties were 
put in relation to their catalytic performance in terms of washcoats bulkened by 
commercial γ-alumina on ceramic model monoliths via conventional analyses of kinetic 
test bench.  
The proof of concept enables the correlation of an electrical method for the 
determination of catalytic activity caused by surface reactions of the analyte CH4 under 
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the prevailing conditions. Hence, the presented approach potentially provides a simple 
and reliable pre-characterization method for enhanced development of catalytic 
washcoats in terms of comparative measurements of specific electrical properties in 
order to mitigate CH4 in automobile exhaust. 
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8 Summary 
 
The HTIS approach of material screening established in the search of new gas sensing 
materials was very successfully applied to screen the electrical properties of four 
different kinds of metal oxides (cf. Chap. 4 to 7) under reproducible measuring 
conditions. The series of semiconductive oxide NP each produced via different 
synthesis/preparation methods have been gradually diversified to study the effect of 
single parameters due to their intended application as either gas sensors or 
heterogeneous catalysts. For these applications all sample materials consisted of 
polycrystalline compounds forming porous interconnected networks of almost spherical 
particles at the nano-scale and micro-scale as determined via XRD and REM analysis. 
The gas sensitive and/or catalytic active materials were deposited as semiconductive 
thick films on the IDE positions of MES to serve as chemiresistors and, then, 
sequentially screened toward mainly reducing analytes. 
Besides, the IS approach on the basis of conventional SES chips was additionally 
applied for the detailed individual characterization of potential sensor (cf. Chap. 5) and 
real catalyst materials (cf. Chap. 7) previously selected by the HTIS. In the first case this 
transfer was helpful for the reproduction of HTIS results under close-to-reality conditions 
with respect to the development of commercial sensor device. In the second case the 
measuring range extension of IS working station was necessary to cope with the high 
resistances of respective materials. 
In the first part of the thesis (cf. Chap. 4), hydrothermally synthesized magnetite NP 
gained diversity by their mean particle size from 12 to 60 nm. The supplied oxygen and 
water sensible samples were investigated with respect to their application as moderate 
temperature gas sensor for the monitoring of reducing gases in oxygen free 
atmospheres. The screening of sensing behavior was conducted toward CH4, NO, H2 
and NH3 with respect to sensor response, analyte selectivity and recovery behavior 
between 50 and 300 °C. The first results reported on the gas sensing of resistive Fe3-
xO4 films revealed high RSR toward NH3 at 250 and 300 °C with low cross sensitivities 
toward H2 and NO at 250 °C. Thereby, the decrease in particle size significantly 
influences the NH3 sensing behavior in terms of a linear increase in RSR. This effect 
can be associated with the higher surface area of smaller NP as reported concerning 
other sensor materials. 
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In the second part of the thesis (cf. Chap. 5), cobalt titanates prepared via polyol 
synthesis differed in the volume dopant incorporated in the A-position or B-position. The 
materials reported to be C2H5OH sensitive were studied due to their feasibility as in situ 
sensors at the variable and harsh conditions of flex-fuel exhaust. The dynamic sensing 
behavior of selected materials was investigated by time-resolved and long-term 
measurements. The Li doping in A-position showed the highest sensitivity at 400 to 
450 °C, while the K doping in A-position revealed an outstanding sensor performances 
at 500°C due to rapid response/recovery and well reproducibility. The applied XRD and 
XAS analyses gave evidence that the long- and short-range order of ilmenite lattice 
remains unaffected by K-doping. Hence, the tremendous effect on sensor response 
does not originate from alteration in the metal-to-oxygen interaction as expected from 
previous findings. For better close-to-reality conditions exemplified materials were even 
tested on SES to match the needs of commercial devices. 
In the third part of the thesis (cf. Chap. 6), multi-component molybdate catalysts 
prepared via spray drying served as catalysts in the direct partial oxidation of i-butane to 
MAC and MAA. The provided materials exhibited the identical chemical composition of 
Mo1.00V0.36Te0.18Nb0.12Ox, but differed in the synthesis and preparation method. The 
evaluation of activation energies of electronic conductivity between 250 and 400 °C via 
HTIS screening revealed two contributions to total conductivity, i.e. conductivity of bulk 
grains and intergrain contacts. The strongly dominating latter one significantly depends 
on the thermal treatment giving the highest values for catalysts calcined above 600 °C. 
The catalytic performances under operating conditions tested via broad kinetic 
screening showed the best conversion selectivity for catalysts calcined at 650°C. Thus, 
the degree of crystallization, phase ratio and particle microstructure significantly 
influence the appropriate electron and oxygen transport at the catalytic active grain 
boundaries, which restricts the over-oxidation of reactant. 
In the fourth part of the thesis (cf. Chap. 7), OSC materials synthesized via surfactant-
assisted coprecipitation were applied for the abatement of CH4 by automotive TWC. 
The up-scaling of synthesis yielded in CZ solid solutions, which altered in chemical 
composition and PGM catalyst loading. The screening toward CH4, C3H6, C2H5OH, CO, 
NO2 and H2 revealed the best behavior for Ce-richer materials and pronounced 
sensitivities and selectivities toward the applied HC despite of CH4. The individual 
characterization via IS resulted in the evaluation of Tmax for activated CZ-60 featuring 
similar values for ASR and RSR, whereas bulkened material and PZ-60 were not 
feasible due to exceeding resistance and missing response. The comparison with the 
catalytic performance of washcoats under realistic conditions via kinetic test bench 
exhibited good agreement of Tmax and LOT in case of CZ-60 activated by Pd-Pt and 
PdO. This finding states a first proof of concept for a simple pre-characterization method 
of pure CZ materials due to the low amount of applied samples. 
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The four presented chapters have demonstrated that the combined HTIS and IS 
approaches are efficient and beneficial methods for the electrical characterization of a 
multitude of samples on a short time scale. The various semiconducting oxides intended 
as gas sensors and applied as heterogeneous catalysts were well-suited as 
chemiresistors films during all workflow steps due to their polycrystalline and 
nanoparticulate morphologies. Hence, the systematic alteration of composition and the 
incremental variation of parameters allowed for the buildup of entire material libraries 
due to reproducible measuring conditions and automated evaluation procedures during 
the workflow cycle of material screening. 
Regarding the gas sensor screenings the two surveyed material libraries enabled the 
discrimination of best performing materials, the identification of single parameter and 
the revelation of structure-property relation. In case of Fe3-xO4 the particle size was 
found as descriptor, [51] whereas in case of doped CoTiO3 no such descriptor could be 
revealed to further extend the binding energy model despite intensive analysis. [52] 
Besides, the established screening method was successfully transferred to the novel 
group of heterogeneous catalysts for oxidation processes. In case of MoVTeNbOx the 
activation energy of conductivity coincides with the catalytic performance, while in case 
of CeZrO2 the Tmax correlates with the LOT despite further research will be obligate. 
Hopefully, these empirical results and promising findings will promote the in situ (HT)IS 
approach to a reasonable pre-characterization tool in the material research of both gas 
sensors and oxidation catalysts. The targeted investigation regarding the conductivity of 
mobile electrons and reactivity of lattice oxygen at the (near) surface allows for a 
detailed evaluation of parameters significant but often neglected for the catalytic 
performance. Since many other analytic techniques appear not suitable in this respect, 
an advanced understanding of complex relationship between the electrical properties 
and catalytic performances by simultaneous measurements will accelerate the tailored 
development of new catalyst systems by a pronounced factor in the future. Besides, this 
first proof of concept might enable the non-destructive monitoring of suited catalytic 
systems for the optimization of catalytic performance under operating conditions. 
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Supporting Information 
 
 
Figure 5.A: Bode plot of S 5.2 toward 5 to 200 ppm C2H5OH at 500 °C. 
 
 
Figure 5.B: Dynamic response/recovery behavior of S 5.4 toward 5 to 200 ppm 
C2H5OH at 500 °C in terms of superposed blocks A and B (left) and 
superposed increments of block C (right; initial base resistance as 
dotted line). 
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Figure 5.C: Dynamic response/recovery behavior of S 5.2 toward 5 to 200 ppm 
C2H5OH at 500 °C in terms of superposed blocks A and B (left) and 
superposed increments of block C (right; initial base resistance as 
dotted line). 
 
 
Figure 5.D: Dynamic response/recovery behavior of S 5.6 toward 5 to 200 ppm 
C2H5OH at 500 °C in terms of superposed blocks A and B (left) and 
superposed increments of block C (right; initial base resistance as 
dotted line). 
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Figure 5.E: Dynamic response/recovery behavior of S 5.12 toward 5 to 200 ppm 
C2H5OH at 500 °C in terms of superposed blocks A and B (left) and 
superposed increments of block C (right; initial base resistance as 
dotted line). 
 
 
Figure 5.F: Dynamic response/recovery behavior of S 5.13 toward 5 to 200 ppm 
C2H5OH at 500 °C in terms of superposed blocks A and B (left) and 
superposed increments of block C (right; initial base resistance as 
dotted line). 
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Figure 5.G: Base resistance of selected materials at 500 °C monitored for about 
2400 min. 
 
 
Figure 5.H: Ti and Co K-edge EXAFS data of S 5.1 named CoTiO3 and S 5.4 
named CoTiO3:K(A) in terms of 3-weighted spectra (left) and 
corresponding FT magnitudes (right; experimental data as solid line 
and best theoretical data fit as dotted line). 
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Figure 6.A:  SEM micrographs of S 6.2, S 6.5 and S 6.10 (left) as well as of S 6.4, 
S 6.7 and S 6.12 (right) calcined between 600 and 750 °C. 
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List of Abbreviations 
 
Abbreviation Meaning 
a.u. arbitrary units 
AA acrylic acid (C3H4O2) 
AC alternating currant 
ACH acetone cyanohydrin 
ACZ ceria/zirconia -doped Al2O3 
AFR air-to-fuel ratio 
al. alii (i.e. others) 
AN acrylonitrile (C3H3N) 
ANN artificial neural network 
ASR absolute sensor response 
BA butyl alcohol 
BET Brunauer, Emmett and Teller 
BHP butyl hydroperoxide 
BM20 bending magnet 20 
C capacitor 
C2 2 carbon atoms 
C3 3 carbon atoms 
C4 4 carbon atoms 
CC Cole-Cole 
CD Cole-Davidson 
cf. confer (i.e. compare) 
Chap. chapter 
CN coordination number 
CNT carbon nanotube 
CPE constant phase element 
cpsi channels per square inch 
CTAB cetyltrimethylammonium bromide (C19H42BrN) 
CZ ceria/zirconia (CexZr1-xO2) 
D diameter 
DC direct current 
DE distributed element 
DEG diethylene glycol 
DOC direct oxidation catalyst 
DoE design of experiments 
DPF diesel particle filter 
DST differential step technique 
e.g. exempli gratia (i.e. for example) 
EDX energy dispersive X-ray spectroscopy 
EfTEM energy-filtered transmission electron microscopy 
EO ethylene oxide (C2H4O) 
Eq. equation 
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ESRF European Synchrotron Radiation Facility 
etc. et cetera (i.e. and so on) 
EXAFS extended X-ray absorption fine-structure 
FE-SEM field emission scanning electron microscope 
Fig. figure 
FT Fourier transform 
GA genetic algorithm 
GC gas chromatography 
GeV giga electronvolt 
GHG greenhouse gas 
GmbH Gesellschaft mit beschränkter Haftung () 
GWP global warming potential 
GWP20 global warming potential over 20 years 
HC hydrocarbon 
HF high frequency 
HN Havriliak-Negami 
HPC heteropoly compounds 
HSA high-surface area 
HT high-throughput 
HTE high-throughput experimentation 
HTIS high-throughput impedance spectroscopy 
HTT high-throughput technique 
i iso 
i.e. id est (i.e. that means) 
IAC Institut für Anorganische Chemie (Institute of Inorganic Chemistry) 
ICSD Inorganic Crystal Structure Database 
IDE interdigital electrodes 
Inc. Incorporation 
IR infrared 
IS impedance spectroscopy 
JCPDS Joint Committee on Powder Diffraction Standards 
KD knowledge discovery 
LED light-emitting electrode 
LF low frequency 
Ln lanthanide 
LO light-off 
LOC light-off curve 
LOT light-off temperature 
LPG liquid petrol gas 
Ltd. Limited 
MA maleic anhydride (C4H2O3) 
MAA methacrylic acid (C4H6O2) 
MAC methacrolein (C4H6O) 
MCA multicomponent antimonates 
MCM multicomponent molybdates 
MES multielectrode substrate 
MMA methyl methacrylate (C5H8O2) 
MMO mixed metal oxide 
MOF metal organic framework 
MS mass spectroscopy 
MSI metal-support interactions 
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MvK Mars and van Krevelen (redox mechanism) 
n.d. no data 
NP nanoparticle 
NSC NOx storage catalyst 
ODH oxidative dehydrogenation  
OLM optical light microscop 
OSC oxygen storage capacity 
PANI polyaniline 
PD Private lecturer 
PEI polyethyleneimine 
PGM platinum group metal 
PhD Doctor of Philosophy 
PILC pillared interlayer clay 
PO propylene oxide (C3H6O) 
POM polyoxometalates 
ppm parts per million 
PPY polypyrrole 
PZ praseodymium oxide/zirconia 
QSAR quantitative structure-activity relationship 
R resistor 
R&D research and development 
RE rare earth 
Ref. reference 
RH relative humidity 
ROBL Rossendorf Beamline 
RSR relative sensor response 
SAC single atom catalyst 
SAPO silicoaluminophosphate 
SCR selective catalytic reduction 
SEM scanning electrode microscopy 
SEP solid electrolyte potentiometry  
seqq. sequentia (i.e. following) 
SES single electrode substrate 
SMSI strong metal-support interactions 
SMSI strong metal-support interactions 
SS single scattering 
SSHC single site heterogeneous catalyst 
SV space velocity 
t tert 
Tab. table 
TEM transmission electron microscopy 
TGA thermogravimetric analysis 
TOF turnover frequency 
TWC three-way catalyst 
UV/VIS ultraviolet/visible light 
VKA Verbrennungskraftmaschinen (i.e. Institute of combustion engines) 
VOC volatile organic compound 
VPO vanadium phosphorus oxide 
w/o without 
XAS X-ray absorption spectroscopy  
XRD X-ray diffraction 
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List of Symbols and Units 
 
Abbreviation Meaning 
% percent 
* complex quantity 
’ real part of complex quantity 
’’ imaginary part of complex quantity 
± plus/minus 
°C degree Celsius 
A Ampere 
a year 
Å angstrom 
a0 lattice parameter 
at% atom percent 
CFit geometric capacitance by fit of impedance spectrum 
cm centimeter 
cm3 cubic centimeter 
D electric displacement 
D0 H bond dissociation enthalpy 
E electrical field strength 
E0 threshold energy 
EC energy of conducting band 
EF energy of Fermi level 
eV electronvolt 
eVsur electronvolt (surface) 
f frequency 
g gram 
GeV gigaelectronvolt 
h hour 
hkl Miller indices 
Hz Hertz 
i imaginary number 
I current 
i current density 
I0 current signal 
K Kelvin 
kJ kilojoule 
Kα1 notation of Cu radiation 
kΩ kiloohm 
L crystallite dimension 
M modulus 
M molar 
mA milliampere 
mCat mass of catalyst 
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min minute 
mL milliliter 
mm millimeter 
mol mol 
mV millivolt 
MΩ megaohm 
mΩ milliohm 
n number of times 
nAS number of active sites of catalyst 
nm nanometer 
np,i amount of input product 
np,o amount of output product 
nPM number of molecules of given product 
nr,i amount of input reactant 
nr,o amount of output reactant 
P polarization of dielectric material 
Q(%) relative selectivity of gas sensor 
R ohmic resistance 
R distance 
R-factor closeness of data fit 
RFit ohmic resistance by fit of impedance spectrum 
rms root means square 
RRG ohmic resistance under reference gas atmosphere 
Rt1 ohmic resistances at particular time 
Rt2 ohmic resistances at particular time 
RTG ohmic resistance under test gas atmosphere 
S sensitivity of gas sensor 
S02 amplitude reduction factors 
sccm standard cubic centimeter 
sec second 
Sp selectivity of product 
Sp(%) relative selectivity of product 
T temperature 
t time 
t ton 
T50% temperatures of 50 percent conversion 
tanδ dielectric dissipation factor 
TMax temperatures of maximum sensor response 
TR reactor temperature 
U voltage 
U0 amplitude 
V voltage 
Vrms input alternating voltage (root means square) 
wt% weight percent 
Xr conversion of reaction 
Xr(%) relative conversion of reaction 
Y admittance 
Yp yield of product 
Yp(%) percental yield of product 
Z impedance 
∆E0 shift in threshold energy 
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∆R standardized difference in resistance 
∆t90% response time with 90% of saturation value 
ε dielectric permittivity 
Θ diffraction angle 
Λ space charge layer 
λ wavelength 
λO2 air-to-fuel coefficient 
µL microliter 
µm micrometer 
µr stoichiometric coefficient of reactant(s) 
νp stoichiometric coefficient of product(s) 
σ (dc) conductivity 
σ standard deviation 
σ2 Debye Waller factor (main square order) 
τ time constant 
φ phase angle 
Ω Ohm 
ω angular frequency 
ωrelax relaxation frequency 
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